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Section 1 — Introduction 1

Gases for Electrical Insulation and Arc Interruption:
Possible Present and Future Alternatives to Pure SF

Contents 1. Introduction
1. Introduction. .. ....... ... i 1 Sulfur hexafluoride (Sff, the electric power
1.1 Sulfur Hexafluoride. . .................. 2 industry's presently preferred gaseous dielectric (besides
1.2 Principal Uses of $by the Electric air), has been shown to be a greenhouse gas. Concerns
Power Industry. . ........... ... ... ..... 2 over its possible impact on the environment have
1.3 Concentrations of $in the Environment ...3 rekindled interest in finding replacement gases. In this
1.4 SKkis a Potent Greenhouse Gas . ....... 4  report we provide information that is useful in identifying
1.5 SESubstitutes. . ......... ... . oL 5 such gases, in the event that replacement gases are
1.6 ScopeofthisReport.................. 6 deemed areasonable approach to controlling emissions of
2. Properties of Gaseous Dielectrics .............. 6SF, from high voltage electrical equipment. The report
2.1 Intrinsic Properties. . .................. 6 focuses on the properties of 25 a dielectric gas and on
2.1.1 Basic Physical Properties......... 7  the data available for possible alternatives to purge SF
2.1.2 Basic Chemical Properties........ 8 (i.e., Sk alone). On the basis of published studies and
2.2 Extrinsic Properties ................... 8 consultation with experts in the field, we attempt to
2.2.1 Reactions and Byproducts........ 8 identify alternative dielectric gases to pure, Sbr

2.2.2 Electrical Discharge and Breakdown . . 8 possible immediate or future use in existing or modified
2.3 Other Requirements for Commercialization . 9 electrical equipment.

2.4 Properties of Gaseous Insulators for This report first describes the properties that make
Specific Industrial Uses . . .............. 9 agood gaseous dielectric, and the tests and measurements
2.4.1 CircuitBreakers................. 9 that are necessary to demonstrate and document the
2.4.2 High Voltage Insulation........... 9 appropriateness of a gas as a high voltage insulating
2.4.2.1 Gas-insulated Transmission medium, or for use as an arc or current interrupting
Lines.................... 9 medium. An effort has been made to gather expert
2.4.2.2 Gas-insulated Transformers . 10 opinion regarding the possible adoption of likely; SF
3. Required Performance and Testing of Gases . ... 18ubstitutes and the additional tests that are needed to
4. Possible “Universal-Application” Gas Mixtures . . 11 effect their acceptability by electric equipment
4.1 Insulation. .......... ... .. .. 12 manufacturers and by the electric power industry. During
4.1.1 Gas-insulated Transmission Lines. 12 the preparation of the report, we consulted with a broad
4.1.2 Gas-insulated Transformers. . . ... 15  spectrum of experts (see Acknowledgments) via a series
4.2 Interruption . .......... .. 16 of meetings on the subject matter and by correspondence.
4.3 Gas Handling, Storing, Recycling, Representatives from electric equipment manufacturers,
andRecovering ...............cii... 22 electric utilities, gas handling and manufacturing
4.4 DISCUSSION. . .ot 22 companies, and academic institutions were consulted.
5. OtherPromisingGases or Mixtures ........... 23 An attempt was made during the preparation of this
5.1 High-Pressure N..................... 23 report to identify a gaseous mixture that could be adopted
5.2 Low-Concentration SFN, Mixtures . ... .. 25  for “universal use” as an immediate replacement of pure
5.3 SEFHe Mixtures . .......... ... ... ... .. 26 SFK. The large amount of available physical and
6. OtherPossibleSubstitutes: Future R&D. . . ... 27  laboratory data suggest that a 40%66%N, mixture
7. Conclusions and Recommendations .......... 28may exhibit dielectric characteristics suitable for use as
8. References ............ ... ... 29 insulation in high voltage equipment. However, it is
Appendix A — Salesof GF................... 35 realized that there are difficulties in using this mixture for
Appendix B — Issues ........................ 37 arc or current interruption, and as a replacement gas in
Appendix C — Potential Barriers ............... 39

Al references in this report to mixtures and
concentrations are by volume.
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2 Section 1.1 — Sulfur Hexafluoride

already existing equipment. The reasons for and againgteat transfer properties and it readily reforms itself when
the use of this “universal-application” gas mixture are dissociated under high gas-pressure conditions in an
discussed. electrical discharge or an arc (i.e., it has a fast recovery
The report also discusses other possible substituteand it is self-healing). Most of its stable decomposition
for which a significant but smaller amount of data exists.byproducts do not significantly degrade its dielectric
These include high-pressure pure éhd dilute SEN, strength and are removable by filtering. It produces no
mixtures (concentrations of Sk the mixture less than polymerization, carbon, or other conductive deposits
about 15%) as likely gaseous media for electricalduring arcing, and it is chemically compatible with most
insulation, and SFHe mixtures as a possible medium for solid insulating and conducting materials used in electrical
arc interruption. Other gases and mixtures are als@quipment at temperatures up to aboutZ00
discussed for which the available data are too few to allow Besides its good insulating and heat transfer
an assessment of their utility as a substitute, but whiclproperties, Sf has a relatively high pressure when
suggest some promise. The need for a future R&Dcontained at room temperature. The pressure required to
program in these areas is indicated and suggestions afiguefy Sk at 21°C is about 2100 kPa [5, 8]; its boiling
made as to possible elements of such a program. Whilpoint is reasonably low, —63°8, which allows pressures
the literature search utilized in this report was notof 400 kPa to 600 kPa (4 to 6 atmospheres) to be
intended to be complete, it is extensive and can serve asanployed in Skinsulated equipment. It is easily
guide to critical work on alternatives to pure;SF liquefied under pressure at room temperature allowing for
This report concentrates on specific uses Qft8F compact storage in gas cylinders. It presents no handling
the electric power industry. However, much of the problems, is readily available, and up until recently has
discussion is appropriate for other uses of &Fa high  been reasonably inexpensive. The electric power
voltage insulating and current interrupting medium. industry has become familiar and experienced with using
SKin electrical equipment.
However, SE has some undesirable properties: it
1.1 Sulfur Hexafluoride forms highly toxic and corrosive compounds when
subjected to electrical discharges (e.g,SSOER); hon-
Sulfur hexafluoride is a man-made gas which polar contaminants (e.g., air, $kre not easily removed
became commercially available in 1947 [1]. It is one of from it; its breakdown voltage is sensitive to water vapor,
the most extensively and comprehensively studiedconducting particles, and conductor surface roughness;
polyatomic molecular gases because of its manyand it exhibits non-ideal gas behavior at the lowest
commercialand research applicatiofsts basic physical temperatures that can be encountered in the environment,
and chemical properties, behavior in various types of gase., in cold climatic conditions (abow50 °C), Sk
discharges, and uses by the electric power industry havieecomes partially liquefied at normal operating pressures
been broadly investigated (see, for example, [2-7]). (400 kPa to500 kPa). Sulfur hexafluoride is also an
Inits normal state, $ks chemically inert, non-toxic,  efficient infrared (IR) absorber and due to its chemical
non-flammable, non-explosive, and thermally stable (itinertness, is not rapidly removed from the earth's
does not decompose in the gas phase at temperatures legsosphere. Both of these latter properties makeaSF
than 500°C). Sulfur hexafluoride exhibits many potent greenhouse gas, although due to its chemical
properties that make it suitable for equipment utilized ininertness (and the absence of chlorine or bromine atoms
the transmission and distribution of electric power. Itisain the SE molecule) it is benign with regard to
strong electronegative (electron attaching) gas both astratospheric ozone depletion.
room temperature and at temperatures well above
ambient, which principally accounts for its high dielectric
strength and good arc-interruption properties. The 1.2 Principal Uses of SF 4 by the Electric
breakdown voltage of GI5 nearly three times higher than Power Industry
air at atmospheric pressure [6]. Furthermore, it has good

Besides atmospheric air, sulfur hexafluoride is the

“Besides the use of $By the electric power industry, electric power industry's preferred gas for electrical
other uses of Sclude: semiconductor processing, blanket gas for

magnesium casting, reactive gas in aluminum recycling to reduce 3From 1960 to 1994 the price of Sf quantity purchases

porosity, thermal and sound insulation, airplane tires, spare tireSyemajined basically constant at about $3.00 per pound (one pound
“air sole”sh_oes, scuba diving voice communication, leak checking,= 4536 kg). The current price of Br quantity purchases in the
atmospheric tracer gas studies, ball inflation, torpedo propellerypited States varies from as low as $12 per b to over $37 per

quieting, wind supersonic channels, and high voltage insulation forpound ($ 82/ kg) [Private communication, P. Bolin, 1997; P. Irwin,
many other purposes, such as AWACS radar domes and X-rag|ectrical World February 1997, pp. 27-30].

machines.
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Section 1 — Introduction 3

insulation and for arc quenching and current interruption
equipment used in the transmission and distribution of

) : 3517 T T T T T
electrical energy. Generally, there are four major types of O U. Denver (32°N)
electrical equipment which use SBr insulation and/or 30l ®ATMOS/SL3 (31°N) { |
interruption purposes: gas-insulated circuit breakers and _ ™ u ATMOS/AT1 (28°S, 54°S) ,
current-interruption equipment, gas-insulated transmission é ---- Fit to measurements e
lines, gas-insulated transformers, and gas-insulated T 25| /" h
substations. It is estimated [9-11] that for these % d
applicationsthe electric power industry uses about 80% f‘é’ 20+ //{7 .
of the Sk produced worldwide, with circuit breaker e 7
applications accounting for most of this amount. These 8 15} e n
estimates are consistent with a recent tabulation gf SF (L;‘.f gl
production worldwide [12] (See Appendix A). Gas- 1.0 %’" ]
insulated equipment is now a major component of power
transmission and distribution systems all over the world osl 1 A | | | |
and employs SFalmost exclusively. It offers significant 1982 1984 1986 1988 1990 1992
savings in land use, is aesthetically acceptable, has Date Of Observation

relatively low radio and audible noise emissions, and

enables substations to be installed in populated areas clog@- L. Average Sfconcentration (pptv = parts per trillion = parts i”10
y volume) between 12 km and 18 km altitude as a function of time [16].

to the Ioads.. . . O University of Denver balloon-borne infrared measurements atN\82
Depending on the particular function of the gas- latitude; ® Spacelab 3 ATMOS data at 3 latitude; m Average of

insulated equipment, the gas properties which are the mog$ffMOS ATLAS 1 data at Z& and 54S [16].
significant vary. Forcircuit breakersthe excellent
thermal conductivity and high dielectric strength of,SF reliability, and a compact alternative to overhead high-
along with its fast thermal and dielectric recovery (shortvoltage transmission lines in congested areas that avoids
time constant for increase in resistivity), are the mainpublic concerns with overhead transmission lines.
reasons for its high interruption capability. These Finally, ingas-insulated substations (G)8)e entire
properties enable the gas to make a rapid transitiosubstation (circuit breakers, disconnects, grounding
between the conducting (arc plasma) and the dielectriswitches, busbar, transformers, etc., are interconnected) is
state of the arc, and to withstand the rise of the recoverinsulated with the gaseous dielectric medium and, thus, all
voltage. Skbased circuit breakers are presently superiorof the abovementioned properties of the dielectric gas are
in their performance to alternative systems such as highsignificant.
pressure air blast or vacuum circuit breakers.
For gas-insulated transformerthe cooling ability,
compatibility with solid materials, and partial discharge 1.3 Concentrations of SF in the Environment
characteristics of S added to its beneficial dielectric
characteristicss make it a desirable medium for use in Because of the many and increasing commercial uses
this type of electrical equipment. The use ofs SF of SK, there has been an increased demand for it. The
insulation has distinct advantages over oil insulation,estimated world production of $kas increased steadily
including none of the fire safety problems or since the 1970s to approximately 7000 metric tons per
environmental problems related to oil, high reliability, year in 1993 [9-11, 13, 14]In turn, this has resulted in
flexible layout, little maintenance, long service life, lower an increased concentration of ;8Fthe atmosphere [11,
noise, better handling, and lighter equipment. 13-18]. As seen in Fig. 1, measurements [16, 18] have
For gas-insulated transmission linéise dielectric  shown that the amount of §iR the atmosphere has been
strength of the gaseous medium under industrialincreasing at a rate of approximately 8.7% per year, from
conditions is of paramount importance, especially thebarely measurable quantities a decade ago to current
behavior of the gaseous dielectric under metallic particldevels near 3.2 pptv (3.2 parts in*1By volume). More
contamination, switching and lightning impulses, and fastrecent measurements indicate atmospheric concentrations
transient electrical stresses. The gas must also have a high

efficiency for transfer of heat from the conductor to the ‘This figure is compatible with a compilation of

. . orldwide SK sales data by end-use markets from six companies
enclosure and be stable for long periods of time (say, 4(}5¥0m the USA, Europe, and Japan (see Appendix A). The total

years). Skinsulated transmission lines offer distinCt figyres listed in Appendix A, however, must be higher than shown,
advantages: cost effectiveness, high-carrying capacitysince countries such as China and Russia were excluded from the

low losses, availability at all voltage ratings, no fire risk, survey [12].
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4 Section 1.4 — SF,is a Potent Greenhouse Gas

of SK, ranging from 3.18 pptv (at 8 km) to 2.43 pptv (at 10 I T I i
27 km) [17a], an atmospheric lifetime of 1937 years [17a], Full release: _/,‘
and a global growth rate for atmospheric 4 SF 9}l 7000 metric ] -
concentrations of 6.9% for 1996 [17b]. While the - tons/year !
inties in these numb e lati 2 1
uncertainties in these numbers make extrapolations £ 8l Full release: [y
difficult, it is clear that the atmospheric concentration of 2 5000 metric !l
SF;is increasing and could reach 10 pptv by the year 2010 S 71 tons/year Faya.
[11, 15, 16, 18], depending upon the assumptions of 5 30% release: /7
release rates (see Fig. 2). £ 6 7000 metric N
In some industrial applications S5 not easily o tons/year ,’/f,.-»"' )
recoverable, e.g., in aluminum manufactgri Releases S 5| 30% release: —#f " |
of SK; into the environment by the electric power industry O 5000 metric ,/,,.——"'
come from normal equipment leakage, maintenance, Tog tons/year e
reclaiming, handling, testing, €tc. Without disposal o 4r 4 7]
O
methods that actually destroy Sk can be expected that S
all of the Sk that has ever been or will ever be produced 5 3+ n
will eventually enter the atmosphere. This is so even if 4
the present SHeak rate from enclosed power-system E 2 u
equipment is only 1% per year or is improved to < 0.5% < Installed
per year. It has been suggested [9] that impure, used SF 11 Electrical
removed from “retired” electrical equipment can be f installation
destroyed by thermal decomposition in industrial waste - 0¢ | 1 |
treatment furnaces at elevated temperatures (T >°C)00 1970 1990 2010
but no records are available indicating that this has ever Year
been done at a significant level. '
However, decreasing the rate of,3€akage and FiG. 2. Atmospheric Sfconcentration (pptv = parts in 0
increasing the level of recycling are high priorities since by volume) as a function of time. The solid curve represents
. . the estimated cumulative total SKom gas-insulated
they both curtail use and production needs @fe8H thus equipment in the past, the open points are measured
reduce the quantities of $that are eventually released atmospheric trace concentrations, the solid point labeled
into the environment. Indeed. efforts have recently been “installed” is the estimated concentration assuming that all
) . ’ . SF; enclosed in electrical equipment throughout the world in
unde_rtaken by the electric power mdustry to _reduce and 1990 has been released into the atmosphere, and the broken
monitor better the amount of $Keleased into the lines are projected increases under various assumptions [11].
environment from SFinsulated equipment [9-11]. These
efforts include: of regulation and the possibility of imposition of controls

* minimizing Skreleasedy improved methodsto on the use and transport of JE1, 14, 20] (also see
guantify and stop leakages, gradual replacement of oldeAppendix B for a summary of the current status of
equipment which normally leaks at higher rates, regulatory issues related tog3iSe). The overall concern
implementation of a sound overall policy of using, is motivated by virtually one reason on8F; is a potent
handling, and tracing gFbetter pumping and storage greenhouse gas with an extremely long atmospheric
procedures, efficient recycling and setting of standards fofifetime.
recycling [19], and destruction of used,SF

* reducing the amount of $Fused by
manufacturing tighter and more compact equipment, 1.4 SF,is a Potent Greenhouse Gas
development of sealed-for-life electrical apparatus, and
replacing SE where possible by other gases or gas Greenhouse gases are atmospheric gases which
mixtures (see later in this report). absorb a portion of the infrared radiation emitted by the

These efforts are partially motivated by the prospectearth and return it to earth by emitting it back. Potent
- - - _ _ _greenhouse gases have strong infrared absorption in the
We acknowledge private discussions on these 'SS“eSW'“‘Navelength range from ~ 7 pm to 13 pm. They occur

P. Bolin of Mitsubishi Electric Power Products Inc. (USA), . .
J. Brunke of Bonneville Power (USA), H. Morrison of Ontario both naturally in the environment (€. g.,(H CO,, CH,,

Hydro (Canada), M. F. Frechette of IREQ (Canada), L. Niemeyeero) and as m?‘n‘made gases that may be released_ le. g,
of ABB Research Corporation (Switzerland), A. Diessner of SF; fully fluorinated compounds (FFC); combustion
Siemens AG (Germany), K. Nakanishi of Mitsubishi Electric products such as GOnitrogen, and sulfur oxides]. The

Corporation (Japan), and F. Endo of Hitachi (Japan). effective trapping of long-wavelength infrared radiation
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Section 1 — Introduction 5

from the earth by the naturally occurring greenhouseinto the environment [9-11]. Becausey 3§ already
gases, and its re-radiation back to earth, results in awidely used, there are obvious economic implications
increase of the average temperature of the earth's surfacgbout any attempts to regulate or control its production,
Life on earth depends on a normal greenhouse effect tase, and eventual disposal.
provide the appropriate temperature for its support. An
imbalance in the earth's normal greenhouse effect occurs o ) )
when the man-made, or anthropogenic, emissions of | Sulfur hexafluoride is an superior dielectr
greenhouse gases contribute to an enhanced greenhouse 92s for nearly all high voltage applications.
effect which shifts the balance between incoming and | IS €asy to use, exhibits exceptional insulat
outgoing radiation so that more radiation is retained, thus | @nd arc-interruption properties, and h
causing changes in the climate system. proven its performance by many years of
Sulphur hexafluoride is an efficient absorber of and investigation. Hoewer, the extremel
infrared radiation, particularly at wavelengths near | high global warming potential of
10.5um [21]. Additionally, unlike most other naturally mgr}dr_:ltes it USers By pursue meanigo
occurring greenhouse gases (€. g.,OCH,), SF. is minimize releases into the environment, on
largely immune to chemical and photolytic degradation; Wh'Ch IS UE LD 6 GIner gEses OF GRS M, 8
therefore its contribution to global warming is expected to in place of Sk
be cumulative and virtually permanent. Although the
determination of the atmospheric lifetifnef SF; in the
environment is highly uncertain because of the lack of
knowledge concerning the predominant mechanism(s) of
its destruction, it is very long; estimates range from 800 1.5 SF4 Substitutes
years to 3200 yeard], 14, 17, 22—-24], with the higher
values being the most likely estimates. The strong  Gaseous insulation must be environmentally
infrared absorption of SFand its long lifetime in the acceptable, now and in the future. Therefore, the best
environment are the reasons for its extremely high globafesponse to the concerns over the possible impact,of SF
warming potential which for a 100-year time horizon is on global warming is to prevent the release gfiste the
estimated to be ~24,000 times greater (per unit mass) thegnvironment. Clearly the most effective way to do this, is
that of CQ, the predominant contributor to the notto use Sfatall. While such a proposition might be
greenhouse effect [22]. The concern about the presencgnvironmentally attractive, it is difficult to envision the
of SK,in the environment derives exclusively from this near term elimination of the use of Sk view of the
very high value of its potency as a greenhouse gas. industrial reliance on the gas and demonstrated societal
While the potency of SFas a greenhouse gas is value of its use. This environmentally-friendly solution
extremely high, the amount of Sk the atmosphere does highlight the need for a search for alternative
compared to the concentrations of the naturally occurringdaseous insulation and perhaps also the need for
and other man-made greenhouse gases are extremely loalternative high-voltage insulation technologies.
Estimates of the relative contribution of.$¢non-natural SF-substitute gaseous dielectrics are more difficult
global warming- using 1993 estimated SEoncentration  to find than it seems on the surface, because of the many
levels— range from 0.01% [11] to 0.07% [9, 10]. In 100 basic and practical requirements that a gas must satisfy
years this value could become as high as 0.2% [9]and the many studies and tests that must be performed to
However, it is feared that SEnd other small-volume allow confident use. For example, the gas must have a
emissions may have a significant combined influence, andnigh dielectric strength which requires the gas to be
that environmental effects not yet anticipated may beelectronegative; however, strongly electronegative gases
exacerbated by their long lifetime in the atmosphereare usually toxic, chemically reactive, and
Government and environmental protection agenciesgnvironmentally damaging, with low vapor pressure, and
electrical, chemical and other industries using ordecomposition products from gas discharges that are
interested in the use of SIB, 11, 13,14, 20] have extensive and unknown. Non-electronegative gases which
expressed concerns over the possible long-tern@ire benign and environmentally ideal, such as N
environmental impact of $Fand the electric power normally have low dielectric strengths. For examplg, N
industry is responding in a multiplicity of ways to better has a dielectric strength about 3 times lower tharaBé&
control Sk usage than in the past and to reduce emissionkacks the fundamental properties necessary for use by
itself in circuit breakers. Nonetheless, such
°The time taken for a given quantity ofSEleasedinto  environmentally friendly gases might be used by

the atmosphere to be reduced via natural processes to ~37% of ”fﬁemselves at higher pressures, or at comparatively lower
original quantity. !
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6

Section 1.6 — Scope of this Report

pressures as the main component in mixtures with
electronegative gases, including  SFat partial
concentrations of a few percent.

The search for SFsubstitutes traces back many
years. It was especially intense in the 1970s and 1980s
when gases “superior” to SFwere being sought. A
number of studies conducted mainly during this time
period, produced a large body of valuable information
(see, for example, Refs. 2 and 3) which needs to be
revisited and be reassessed not from the perspective of
finding “better” gaseous dielectrics thangSbut rather
from the point of view of finding gases or gas mixtures
which are environmentally acceptable and comparable in
dielectric properties and performance tQ.S&krekindled
interest in “new” gaseous insulators may also direct itself
toward finding gases or gas mixtures which are not
necessarily universally optimum for every high-voltage
insulation need, but which can be optimized for a
particular application.

Any program on substitutes needs to address

of the electric power industry.

. The tests required to document the suitability and

acceptability of a dielectric gas for the intended
application(s).

. The feasibility of a “universal” gas mixture that

could substitute for pure $&nd help reduce the
current levels of SFutilized by the electric
power industry.

. Alternate gases or gas mixtures for which a

significant amount of data are available
supporting their possible use in newly-designed
industrial equipment.

. Possible gases or gas mixtures for which little

physical data are presently available, but which
are sufficiently promising to justify further
research.

. Recommendations on substitutes and future R&D

aimed at the development of environmentally
acceptable alternatives to pure,SF

Items 1 to 6 are respectively discussed in Sections 2

comprehensively the issues involved and evaluate possibl® 7 of this report.

substitutes within the framework of the total environment.

Besides the obvious requirements of high gas pressure,
non-toxicity, non-flammability, availalty and cost, there
should be basic, applied, and industrial testing to assess
the thermal and electrical properties of other gaseous

2. Properties of Gaseous Dielectrics

The properties of a gas that are necessary for its use

Qielectl’ics. Per:formanqe Underv-ariOUSVOItages (DC,ACin h|gh Voltage equipment are many and Vary depending
impulse, transients), field configurations, and particle on the particular application of the gas and the equipment.
contamination must be tested. Gas decomposition undefhey are also interconnected and coupled. In their
prolonged electrical stress, corona, breakdown, and argptimum combination one may achieve distinctly
must be investigated, along with gas aging and thejesirable synergisms with regard to dielectric strength, for
influence of spacer and other materials. Gas mixtures ifnstance, which clearly show that a gas mixture may be
particular need to be looked at anew. Efforts must bemore than just the partial-pressure-weighted addition of
made to address concerns regarding mixtures whichhe dielectric strength of the individual mixture
include difficulties in handling, mixing, maintaining components [2, 3, 25]. In the following sections, the
constant mixture composition, reclaiming of mixture's gaseous dielectric properties which are of particular
constituents, possible inferior performance with regard tomportance in high voltage applications are identified.
thermal, insulation, and current interruption properties, For the purpose of this report the properties of a

and the associated equipment design changes that sugliseous dielectric are divided into four groups:
use may entail. It must be emphasized, however, thatgas .« intrinsic properties (physical and chemical);

mixtures ShOUl-d be testEd under Conditions- (e.g., e extrinsic properties (reactionsl gas byproductsy
pressures, equipment design) where they are likely to discharge and breakdown);

perform We", not S|mply under conditions for WthhGSF e oOther requirements for commercial use; and

is better. It must also be stressed that historica”y . Speciﬁc properties required for arc interruption,

resources have not been as abundant for the study of gas
mixtures as they had been for the study of puge SF

transmission lines, and transformers.

_ 2.1 Intrinsic Properties
1.6 Scope of this Report
_ _ o . Intrinsic properties are those properties of a gas
Itis the purpose of this report to provide information which are inherent in the physical atomic or molecular
regarding the following: structure of the gas. These properties are independent of

1. The required or desirable properties of anythe application or the environment in which a gas is
dielectric gas for use in the various applications p|aced.
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Section 2 — Properties of Gaseous Dielectrics 7

2.1.1 Basic Physical Properties gaseous medium can be seen from the representative data
for different gases in Table 1. It is evident in this table
One of the desirable properties of a gaseoushat some gases actually exceed the dielectric strength of
dielectric ishigh dielectric strengtlthigher, for instance, SF,. However, they all exhibit negative properties as to
than air). The gas properties that are principallymake them less desirable gaseous insulators in practical
responsible for high dielectric strength are those thakystems as presently designed. Figure 3 illustrates the
reduce the number of electrons which are present in apasic physical properties of electron attachment,
electrically-stressed dielectric gas. To effect such gonization, and scattering as they relate to the dielectric
reduction in the electron number densities, a gas shouldstrength [25]. The most critical property of a gaseous
» be electronegative (remove electrons by dielectric for high dielectric strength is a large electron
attachment over as wide an energy range as possible); ditachment cross section over a wide electron energy
should preferably exhibit increased electron attachmentange_ The second most significant property is a large
with increasing electron energy and gas temperature sincglectron scattering cross section at low electron energies
electrons have a broad range of energies and the gas slow electrons down so that they can be captured more
temperature in many applications is higher than ambientgfficiently and be prevented from generating more
» have good electron slowing-down properties electrons in collisions with the dielectric gas molecules.
(slow electrons down so that they can be captured  Furthermore, the gas properties must be such that
efficiently at lower energies and be prevented fromelectron detachment from negative ions is prevented since
generating more electrons by electron impact ionization)electron detachment is a major source of electrons that
and trigger gas breakdown. The negative ions that are formed
» have low ionization cross section and high (through the formation of negative ions by electron
ionization onset (prevent ionization by electron impact). attachment) must be as stable as possible. Detachment of
The significance of these parameters, especially electroelectrons from negative ions can occur via a number of
attachment, in determining the dielectric strength of '[heprocessesl foremost by autodetachment, collisional
detachment, and photodetachment. Especially the former
TABLE 1. Relative DC uniform-field breakdown strengtt§ of some process is a strong function of gas temperature [26].
Lo gaer, The measurements needed to quantify the intrinsic
Gas Ve Comments physical properties of a gaseous dielectric for insulation
include:
« electron attachment cross sections;
» electron scattering cross sections;

Sk 1 Most common dielectric gas to
date besides air

gfngw 2:22 esltégg'gh/ gggc‘(]%sgt;‘;’;gs'y « electron impact ionization cross sections;
c-CF, ~1.35  especially at low electron * electron detachment cross sections
1.3-CGFs ~1.50  energies (photodetachment, collisional detachment, and
coh T the associated processes of clustering and ion-
2-CF. 3 molecule reactions ); and
c-GFp, ~2.4 « coefficients for electron attachment, ionization,
CHF, 027  Weakly electron attaching: effectlve ionization, and_transport.
co, 0.30  some (CO, D) are effective in Besides the above properties, there are a number of
CF, 0.39  slowing down electrons other basic properties which are necessary for the
ﬁoo 8'32 complete characterization of the dielectric gas behavior
Alr -030 and its performance in practice. These include:
» secondary processes such as electron emission
H, 0.18 Virtually non-electron attaching from surfaces by ion and photon impact;
N, 0.36 Non-electron attaching but ¢ photoprocesses;
efficient in slowing down - absorption of photoionizing radiation (this is a
electrons controlling factor in discharge development in
Ne 0.006  Non-electron attaching and not non-uniform fields);
Ar 0.07 efficient in slowing down - dissociation under electron impact
electrons decomposition;

_Based on Table 2 of Ref. 25. o ion-molecule reactions;

Some of the values given are for quasi-uniform fields and may thus be . . . .
somewhat lower than their uniform-field values. * reactions with trace impurities; and
¢ The relative values listed in the table can be put on an absolute scale by e reactions with surfaces.
multiplying by 3.61 x 10° V cn?, the uniform-field breakdown field,

(E/N);im, Of SK.
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4 "Il\ €¥2 (e, E/NNeVTI-N, /
al- ! (E/N) = 1.3 x107 Y8 vacm?

iy (1.5 MV?)
. E/N S Mv:
:I’ T Eme 1200 vt \%/W//ZWWW

SCATTERING CROSS SECTIONS, 0, AND Om
AND AT TACHMENT CROSS SECTION To (107 '3 em?)
IONIZATION CROSS SECTION, &, (107'7 cm?)

8 10
ELECTRON ENERGY, € (eV)

FiG. 3. Total ionization cross sectid (€) for N, (—) and SE(-+-) close to the ionization onset. Total electron scattering

cross sectioi@; (€) as a function of electron ener@y, for N, (—), and total electron attachment cross sedd(i€) for SF;

(-+-). Electron energy distribution functions in purefdt two values of the density, N, reduced electric field: at a value

of 1.24 x 10°V cn?, about ten times lower than tE&N value at which breakdown occurs under a uniform electric field,
and at the limiting value d&/N (= 1.3 x 10°V cn¥) at which breakdown occurs under a uniform electric field. The shaded
areas designated yand(X are, respectively, a measure of the electron attachment and electron impact ionization coefficients
for SK; (from [25]).

2.1.2 Basic Chemical Properties 2.2.1 Reactions and Byproducts
The dielectric gas must have the following To be used in electrical applications, a dielectric gas
“chemical” properties: should:
+ high vapor pressure; « undergo no extensive decomposition;
 high specific heat (high thermal conductivity) for « lead to no polymerization;
gas cooling; » form no carbon or other deposits; and
+ thermal stability over long periods of time for « be non-corrosive and non-reactive to metals,
temperatures greater than 400 K; insulators, spacers, and seals.
« chemical stability and inertness with regard to |n addition it should have:
conducting and insulating materials; « no major toxic or adversely-reactive byproducts;
* non-flammabile; » removable byproducts; and
¢ non-toxic; and « a high recombination rate for reforming itself,
* non-explosive. especially for arc interuption.

When used in mixtures, it must have appropriateFinally, the gas must be environmentally friendly, e.g., it

thermodynamic properties for mixture uniformity, must not contribute to global warming, must not deplete

composition, and separation (see Appendix C). stratospheric ozone, and must not persist in the
environment for long periods of time.

2.2 Extrinsic Properties 2.2.2 Electrical Discharge and Breakdown
Properties

Extrinsic properties are those which describe how aSpecific properties of the gas under discharge and
gas may interact with its surroundings, or in response tg)reakdown conditions include:

gﬁgrr]r;?;ér;ﬂuences, such as electrical breakdown an a high breakdown voltage under uniform and
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Section 2 — Properties of Gaseous Dielectrics 9

non-uniform electric fields; important required property. The arc is initially hot

 insensitivity to surface roughness or defects and(temperatures in excess of 10,000 K), and it must be
freely moving conducting particlés; quickly cooled down by removing energy from it by the

+ good insulation properties under practical gas. Additionally, the arc must have a short time constant
conditions; for the increase in resistivity. For these requirements, the

» good insulator flashover characteristics gas must have high thermal conductivity at high

» good heat transfer characteristics; temperatures and also should capture quickly free

» good recovery (rate of voltage recovery) and self-electrons when the gas is hot and the electrons fast. These
healing; two properties— high thermal conductivity and high

* no adverse reactions with moisture and commonelectron attachment- lead to a high interruption
impurities; and capability, i.e., enable a rapid transition between the

* no adverse effects on equipment, especially onconducting state (arc plasma) and a dielectric state able to
spacers and electrode surfaces. withstand the rise of recovery voltage.  &-known to

Also some knowledge must be available concerning itshave a time constant 100 times shorter than air and is used
discharge mechanisms (corona, breakdown, arc) anth circuit breakers for two main reasons: it has a high
discharge characteristic behavior, and its decompositiotthermal conductivity at high temperatures which enables
under arc and various types of discharges. it to rapidly cool down; SFand its decomposition
products are electronegative and thus enhance the
disappearance of electrons even when the gas is hot.
2.3 Other Requirements for * Fast gas recovery At the high temperatures
Commercialization involved, the gas molecules are dissociated into their
constituent atoms (atomized). They must quickly
Commercial use of a dielectric gas requires certainreassemble, preferably to form their original molecular
non-physical characteristics, including widespreadstructure. (Besides §Rhis is a property shared by a
availability, reliable supply, and long-range stability of nhumber of molecules with top symmetry such as
supply. bonded perfluoroalkanes).
» Self-healing / dielectric integrity This limits the
preferred gases to those that are either atomic in nature or

2.4 Properties of Gaseous Insulators for molecular with very compact and stable structure, such as
Specific Industrial Uses SF,, CF,, and other compounds, which when “atomized”
under the high temperature arc conditions reform
2.4.1 Circuit Breakers — Arc Quenching and themselves with high efficiency, that is, the original
Current Interruption molecules are the main decomposition product.

An electric arc is the most crucial switching element
in a circuit breaker. It has the unique ability to act as a 2.4.2 High Voltage Insulation
rapidly changing resistor such that during the AC current,
high conductance is maintained. As the current There are two important types of basic gas-insulated
approaches zero, the conductance decreases rapidly, ang@paratus used by the electric power industry: gas-
finally, at zero current, the resistance rises to prevent reinsulated transmission lines and gas-insulated
ignition. Commercial circuit breakers utilize air, oil;SF transformers. In this section are outlined some of the
solid state, or vacuum as interrupting mediehe arc  principal properties a gaseous dielectric needs to be used
properties for gas-based circuit breakers are a strongh such applications. Other applications with similar
function of the arcing gaseous medium. The mostneeds include buses and disconnects in gas-insulated
significant required gas properties for arc interruption are:substations.

» High dielectric strength comparable to that of
sulfur hexafluoride- Thisis one of the most essential 2.4.2.1 Gas-insulated Transmission Lines - Here the
properties characterizing a good interrupting medium. dielectric strength of the gas and its long-range stability

* High thermal conductivity- This is another  and inertness, along with its heat transfer properties at
temperatures much lower than in circuit breakers

"The optimum design of a gas-insulated system requires, . 0 ; ; s
this knowledge. Perhaps one can determine this through the SOE_I’NI(;.]qu(ji)r,ezrgrg?)%?tri?:}n%?j dree.qwrements. Specifically,

called figure of merit, i.e., from basic measurement2f1))/N « high dielectric strength (in uniform fields, non-
versusE/N. It would certainly be desirable to have a gas for which . . . ’
uniform fields, in the presence of electrode

these effects are less troublesome than fgr SF
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10 Section 2.4 — Properties of Gaseous Insulators for Specific Industrial Uses

roughness and conducting particles, and for useable over a range of temperatures (basic

various geometries including co-axial properties as a function of temperature);

configurations); » safe, easy to handle, inexpensive, securely
» high vapor pressure at operating and ambient available.

temperature;

e chemical inertness;
« high thermal conductivity [but at temperatures far 3. Required Performance and
below those encountered in arcs (a few hundred .
degrees above ambient)]; TeStmg of Gases
+ no thermal aging (long-term, 40 years or more);
e no deposits (no carbon deposits, no
polymerization, and no decomposition);
» easily removable, non-harmful byproducts;
» no hazards (fire, explosion, toxicity, corrosion).

At first consideration one may be tempted to adopt
an extreme position for new gaséd.L that has been
done on Sfhas to be repeatedhile there is a need for
any new gas “to be proven,” this approach is unrealistic,
impractical, and perhaps unwise and unnecessary.
Clearly, before any testing is done, the gas must:

be environmentally acceptable, or confined for
life,

» have no serious known health-related risks and
serious safety-related problems (toxicity,
flammability, etc.),
have a high pressure (to be useful as a unitary gas
or as an additive in mixtures), and

2.4.2.2 Gas-insulated Transformers - In very early
transformers, air was the most commonly used insulating
medium, but as the voltages were increased, oil was
substituted for air. While oil is presently widely used and
has many advantages, it burns when exposed to flame or
heated to ignition point in the presence of air. Also,
certain mixtures of oil vapor and air explode on ignition
when confined. Additionally, breakdown due to charge X i
accumulation on insulating parts by ions transported by be available, stable, and thermally and chemically

the cooling pumps may occur, and flashovers due to mert._ . .
particulate contaminants may be caused These requirements must be satisfied whether one is

There are distinct advantages in using gas insulationooking for potential gas substitutes on which tests ha\_/e
in transformers. Firstly, the use of a gas instead of oiftl"éady been made or for new gaseous systems for which

completely removes the undesirable characteristics of oifeSts Will be made, independently of the intended use.
just mentioned. Secondly, gas-filled transformers are _The ,I'St of other tests that are also usefl_JI and
lighter, have better noise characteristics (since gadl€sirable is long (see Sec. 2 on required properties) and
transmits less vibration than oil), and are easier to handidncludes: _ _
Compared to oil, however, the gas is not as good for breakdown tests as a_functlon of pressure, field,
cooling (needs special techniques to remove the heat) and types of voltage, and time, _
thus gas-insulated transformers presently are unable to * comprehensive dielectric strength tests using
meet the highest ratings achieved by oil transformers. The practical-size systems and voltages and

properties of the gas required for this application include: waveforms (i.e., DC, AC, lighting and switching
. high dielectric strength at reasonable (e. g., impulse, fast transients). Since the design of the

500 kPa) pressures: high voltage insulation system is usually

« low boiling point (low condensation temperature, determined by the lighting impulse test level
high vapor pressure); (BIL), the lighting impulse test is a crucial test,

« low toxicity; ' + effects of surface wmghness and omducting

« chemical in’ertneSS' particles. Practical design levels for the dielectric

« good thermal stability (because transformers are strength are normally much lower than the
operated in a wide temperature range); theoretical” dielectric strength of a gas insulator,

« non-flammable: ' because the dielectric strength of gases, especially

« high cooling capability (heat transfer is important those for strongly electronegative gases, are very
in transformers which frequently get quite hot): sensitive to field perturbations such as those

« good compatibility with solid materials (because caused by conductor surface imperfections and

the gas must coexist with many different solid by conducting particle contaminarits;
materials in the gas-insulated transformer); « dielectric strength measurements at high gas

» good partial discharge characteristics (because of %The design levels for §Rave been quoted [27] to be of

the high possibility of partial discharges in the he order of 37% of the theoretical strength of & lighting
transformer); impulse and 19% of the 60 Hz factory test for these stated reasons.
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Section 4 — Possible “Universal-Application” Gas Mixtures 11

pressures (this is one type of measurement thapressures (greater than 0.5 MPa)] gaseous dielectric media

has generally been lacking and is crucial); besides pure SH2-4, 6-8, 14, 25, 2934]. There is
+ long-time tests; broad acceptance of the view that these mixtures may be
» flashover voltages of insulators; good replacements of pure SHhemain reasons are:

» thermal stability in the presence of other materials » they perform rather well for both electrical
(long-time stability with metals and resins), and insulation applications and in arc or current interruption

thermal aging; equipment,
« corona inceptiohand extinction « they have lower dew points and certain advantages
» thermal cooling. especially under non-uniform fiefdover pure Sg
e mass and light spectroscopy identify the * they are much cheaper than,88pecially after the
discharge products and their reactions for arecent large increaseis the price of Sf and
number of purposes includimtjagnostics « industry has some experience with their use.

+ measurement of dielectric strength as a function The relevant question, thereforedses an optimum
of gas pressureespecially for weakly electron mixture composition and total pressure exist that allows
attaching gases or mixtures; the use of this mixture as a “universal-application” gas,
» scaling data on small laboratory equipment to and could the industry readily use such a mixtuAdille
large practical systems, and extrapolatdea  the answer to this question is complex, it is desirable to
taken over short time scales to the expected longattempt to identify, on the basis of existing knowledge, a
life times of industrial systems (e.g., 40 years); particular mixture composition that may be best suited for
» byproducts and possible health effects. consideration by the electric power industry for their
needs. If such mixture can be identified, it can perhaps be
The list of desirable tests for use of a gas under arstandardized in composition. Although it would be
or current interruption applications must also include: desirable to have such a standard mixture prepared and
» tests of arc and current interruption properties; sold by chemical companies for direct use in the field, this
* recovery tests; and may not be feasible, and the two gases would probably
» nozzle design and behavior. have to be mixed to the standard composition at the point
of use (see Appendix C).
Based upon research conducted world-wide over the
4. Possible “Universal-Application” last three decades or so, it appears that the optimum
G Mixtures composition of an SFN, mixture for use by the electric
as power industry in place of pure Sfer both high voltage

, , insulation (for gas-insulated transmission lines and gas-
The most desirable §Bubstitute would be agasthat jqjated transformers) and arc or current interruption

could be putin all existing $fequipment, requiring little purposes may be in the range of 40% to 509K,

or no change in hardvyarg, procedures or r%tings. Such ;5 possible standard mixtures that can reasonably be
gas we refer to as a “universal-application” gas and W&, sidered ard0%SFK-60%N, or 50%SE50%N,.
define it as a gaseous medium which can be used instead 11,4 saving¥ of replacing pure SFby a 40%SE

of pure Sk in existing equipment without significant  gne,n  gas mixture are potentially large. If it is assumed
changes in practice, operation, or ratings of the existing,, .+ 809 of the ~8 000 metric tons of gFfoduced

. . . ’ 6
gas-insulated apparatus. It is a useful exercise tQnn )y is used by the electric power industry (Sec.1.2:

determine if such a substitute can be identified from the[lz]) at a pric¥ of $20 / Ib (~$42 / kg) for SFthe total

existing gaseous dielectric data. . annual savings in the cost of SWill be about $150
Of the many unitary, binary, and tertiary gases or gas.iiion.

mixtures that have been tested over the last three decades
or so, SEN, mixtures seem to be the most thoroughly “The more electronegative the gas is, the larger the

characterized [yet not completely tested, especially at higheduction of its dielectric strength under non-uniform field
conditions and in the presence of conducting particles.

°It has been pointed out by Wootton [28] that in tests on
a full size GIS with a fixed particle, typically less than 10% of the percentage of SFis lowered further by increasing the total

breakdowns occur without corona stabilization. Based on thiSgnerating pressure of the mixture. Limited measurements on the arc
information, Dale et al. [27] suggested that in practical apparatus "interruption capability of pure S the pressure range 0.41 MPa

would be the corona inception level and not the corona stabilized, o 72 mpa (3], p. 51) indicate that it increases almost as the
breakdown level which is important. However, the strong coronaSqualre of the fill ;Sressure.

stabilization characteristics of electronegative gases can be ) . )
advantageous. 2Based on the spectrum of prices, it seems logical to

assume a price of about $20 per Ib ($42 / kg).

Yperhaps even higher savings may be possible if the
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0 20 40 60 80 100 voltage values for SFN, in coaxial electrode geometry (from [37]).

PERCENT ADDITIVE TO N, BY VOLUME

studies. Forinstance, Bouldin etal. [30, 31] conducted an
FiG. 4. DC breakdown voltage as function of electron attaching additive assessment of the potential of dielectric gas mixtures for
e o s o st e e ot 52 =1 usrial applications based mostly on DC uniform and
extrapolations (from [35, 36]). quasi-uniform field data at pressures less than a few

hundred kPa. They concluded that a 50%SP6N,

mixture, operated at 15% higher pressures, exhibits the

The feasibility analysis of a universal application same dielectric strength as 100%,3fut at ~35% lower

mixture for insulation applications, and arc and currentcost (calculated using a price of 3fore than ten times
interruption purposes is based on information obtainedower than it is today). A 50%%$B0%N, mixture was
from a number of sources, the most significant of whichlisted as having 0.88 the dielectric strength of pure&F
are briefly discussed below. Additional pertinent the same pressure and a condensation poit@ &wer.
information related to mixtures with even lower Malik and Qureshi [38] reviewed the work on

concentrations of Sks presented in Sec. 5.2. electrical breakdown in mixtures of S&nd other gases

1400 T ' T | T ! T l T

4.1 Insulation

1200
4.1.1 Gas-insulated Transmission Lines

L

Existing information suggesting the use of;8Ek 1000

mixtures for insulation purposes has been summarized and
discussed in a number of recent publications (see, for
example, Refs. [3, 6, 14, 33, 34]). In this section we refer
to and supplement the work summarized in those reports,
which indicates the possibility ofdlapting the 50%SF
50%N, mixture as a standard gas option for gas-insulated
transmission lines. Most of the information presented also
supports the use of such mixtures for gas-insulated
transformers (Sec. 4.1.2) and possibly also circuit breakers
(Sec. 4.2). It has bedmown for a long time that the
breakdown voltage of G, mixtures saturates as the
percentage of Sfn the binary mixture is increased above

800

A 1=

NEGATIVE LIGHTNING IMPULSE BREAKDOWN VOLTAGE — kV Crest

about 40%. This is seen from DC measurements ([35, 0 0.2 04 06 0.8 1.0
36], Fig. 4), AC measurements ([37], Fig. 5), and impulse SFg Content ~ Per Unit .
measurements ([37], Fig. 6). Above this saturation level,

addition of more SF to N, yields limited returns for FIG. 6. Negative lightning impulse breakdown voltages forSF

insulation applications. This has been shown by many mixtures. The solid curves are semiempirical fits to the
measurements (from [37]).
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including N,. They state: “SFN, mixtures containing

50% to 60% of Sfhave dielectric strength of up to 85% sof
to 90% that of pure SF Such mixtures can have x: 75% SFg / 25% Ny
improved impulse and power-frequency breakdown | o:SF, ,’,,\’ /
strength in highly non-uniform field gaps and therefore _ 60 q./* s’
are expected to be less sensitive (than puge tSRhe 2 o/ e :fé*
presence of free conducting particles and electrode surface & ok P
roughness.” Furthermore, the mixtures can be operated at g * ."ﬁ"(
pressures considerably higher than 600 kPa which is the 9 / /:gi'*'
upper limit for SEk-insulated apparatus [39] and at 20 ¥ &7
considerable reduction in cost [38]. £ T Breakdown

In view of the superior insulation properties gfa —-~= Corona onset
higher pressures and in non-uniform fields compared to 1 L 1 1

. 0 0.1 0.2 0.3 0.4

pure SE, the advantage of the 50-50 mixture over pure Pressure (MPa)

SK, may be even greater. For example, non-uniform

(positive point-plane electrode geometry) DC breakdown  ric.7. voltage versus pressure characteristic of 8l a 75%SF
measurements [36] as a function of the total pressure -25%N, mixture for a point-plane gap and lighting impulse (+1.2/
showed that the dielectric strength of a 30%BIR6N, 50 s) (from Qiu and Feng [41]]).

mixture at~600 kPa is somewhat higher than that of pure

SFK; under the same conditions. Similarly, Nakanishi [40] ranging from 0.5 MPa to 1.5 MPa. They concluded that
concluded that “a gas mixture of SR, (and Sk-air) is “compared to pure Sff 1.0 MPa, a 50%-50% mixture
thought to be the most promising candidate for applicatiorof Sk and N with the same total pressure retains about
to high power apparatus. SN, (and SEk-air) mixtures  85% of the dielectric strength. An increase gthintent
have breakdown properties superior to purg&mon-  to a total pressure of 1.5 MPa gives a dielectric strength

uniform fields.” equal to that of 1.0 MPa §F The condensation
Arecent example [41] of the voltage versus pressurdemperature is thereby lowered from5 °C to-40°C.”
characteristic of Sfand a 75%SF25%N, mixture is Furthermore, Fatheddin et al. [44] investigated the

shown in Fig. 7. Included in the figure are measurementdreakdown properties of SN, mixtures using lightning
of both the breakdown and the corona onset voltages foand switching impulses of both polarities, a point-plane
the two gases. The measurements were made usirgeometry, and total pressures between 0.05 MPa and
nonuniform fields and lightning impulse voltage. The 0.5 MPa. From Figs. 1 to 5 of their paper it appears that
corona onset for SFand the SN, mixture scales with  a 40%SE-60%N, mixture is an excellent choice. For this
the respective uniform field breakdown voltages of themixture, the impulse polarity had negligible effect with
two gases, but the breakdown voltage exhibits the usudightning surges. However, the negative polarity ¥ s,
corona stabilization region which varies with mixture is the peak voltage with 50% breakdown probability)
composition. Depending on the mixture composition values were higher and the positivg Values were lower
there are total pressures for which the breakdown voltagéor the (slower) switching surge pulse. Interestingly, their
of the mixture exceeds that of pure,SF positive DC point-plane geometry measurements (Figs. 6
Similar conclusions have been reached by otherand 7B of their paper) showed a 30%36%N, mixture
impulse breakdown studies. Lightning and switchingto be at least as good as purg f8Ftotal pressure greater
impulse breakdown measurements in the pressure ranghan 500 kPa.
between 0.1 MPa and 0.7 MPa by Cookson and Pedersen  Veryimportantly, a number of studies [3, 29, 45-52]
[37] led them to conclude that “the Shixtures with N have shown that in the presence of particles a number of
(or air, or CQ) look promising for compressed gas- SF-N, mixtures performwell compared to pure,Skey
insulated transmission (CGIT) applications with a 50-50have also indicated that the effect of particles on the
mixture at a typical pressure of 0.54 MPa being able tadoreakdown strength of such mixtures depends on the total
replace SF at 0.45 MPa without loss of breakdown pressure and on the partial pressure of the component
strength.” Similarly, Cookson [42] concluded that gases (Fig. 8; Table 2). The data in Table 2 are
mixtures of SEwith N, can be readily applied in practical particularly interesting. They show that for certain
CGIT lines at a cost savings over,SRein and Kulsetds conditions (DC, cylindrical electrodes, in the presence of
[43] studied lightning and switching impulse breakdown conducting particles as contaminants) the highest
of SK-N, mixtures using electrode configurations breakdown voltage for a 50%a50%N, mixture
representative of open disconnectors and earthingorresponds to a total pressure of about 608 kPa (~ 6 atm)
switches and concentric cylinder systems, and pressurgsee Table 2), which is a reasonable pressure for use in

Gases for Electrical Insulation and Arc Interruption: Possible Present and Future Alternatives to Pure SF; / NIST



14 Section 4.1 — Insulation

300 ] TABLE 2. DC breakdown voltages of $N, mixtures with cylindrical
N. + SF ' ' electrodes and particle contamination [52]
2+9hg

SEN, V() V(Y)Y kY)Y, kY)Y, (KY)
303.9 kPa 405.2 kPa 607.8 kPa 810.4 kPa 1013 kPa

200 - 100/0 59.6 62.1 70.0 67.5 60.0
80/20 45.7 49.0 59.6 58.6 50.1
60/40 50.7 54.1 66.0 62.4 61.2

100 40/60 24.3 39.5 55.7 50.9 43.5
20/80 26.3 38.5 37.2 41.9 33.4

BREAKDOWN VOLTAGE, kV rms, 60 Hz

6 : 1'0 1'5 Similarly Blankenburg [56] found that the flashover
PRESSURE, Atm, Abs. behavior of cylindrical insulators in $N, mixtures
subjected to AC voltage was found [88] to be qualitatively
_FI)G(-jS- A? breakdown _voltageeigséﬂz gi;tstltei \INith 9-04370(?; (0-01(2 - similar to that in pure SFndependently of the amount of
n lameter copper wires, 0. cm (0. In)longina /. cm n H H H H
plane gap [3, 45, 46]. The 60%SF%N, data are shown by the broken SF5 in the mixture (even when the mixture contained as
line. little as 1% SE).

Additionally, according to Waymel and Boisseau
gas-insulated equipment. However, more work is needed®7] recent dielectric tests on real-size gas insulated
on partide-contamina‘[ed §N2 gas mixtures. Present transmission line (G'TL) Compartments confirmed the
data are not sufficient to fully characterize the behavior ofgood industrial performance of gR, mixtures. Partial
such mixtures as a function of partial or total pressure. conclusions could be reached by them in the particular

The solid-gas interface has its own breakdowncase of buried 400 kV GITL. They concluded that
characteristics. Generally, the breakdown voltage is‘compared to pure 3F SR-N, mixtures offer good
lowered by the presence of a spacer. A 5096886 N, compromise with the diameter of busbar required by the
mixture has about 90% the flashover voltage of puge SFthermal design of buried GITL.”
in the presence of spacers [31] (see also [53]). Similar  Interestingly, the uniform field breakdown strength
conclusions have been reached by other researchers. F8k SR has been found [58] to increase by ~11% in the
instance, Nakanishi [40] cited work by M. Hara et al. on temperature range 300 K to 600 K. Because the presence
the flashover characteristics of a cylindrical spacer onof N, in SR-N, mixtures is not expected to change the
which a conducting particle was affixed in an-85 gas  dissociative electron attachment properties qf\@ifich
mixture which “showed that the flashover properties canare responsible for this increase, a similar increase in the

be improved by mixing 20%S#nto N,.”*3 dielectric strength of SHN, mixtures with increasing
Furthermore, Eteiba et al. [54] measured thetemperature might be anticipated.
breakdown voltage of particle-contaminatedcsys using The behavior of a 50%&§B0%N, mixture under fast

60-Hz and negative lighting impulse voltages. Figure 9transient conditions has been investigated by Pfeiffer and
compares the dielectric strength of a clean spacer (curvegP-workers. They found no significant difference in the
A) to that obtained with a 2-mm long aluminum wire of behavior of the mixture compared to pure & g, see

0.8 mm diameter particle attached on the spacer interfacBfeiffer et al. [59] ; see also discussion in [6]).

2.6 mm from the center conductor (curves B) and fromthe ~ Concerning the decomposition of &%, mixtures,
outer envelope (curves D). The authors concluded thathere exist only limited data on the decomposition
their results show no significant difference in the 60-Hz products of SEN, mixtures (see discussion in [6]). These
withstand voltage between pure ,;S#hd the 50%SF  data are mainly of corona decomposition. They show that
500/0|\|2 mixture for either the clean or the partic|e there is very little chemical interaction betWGer&Sﬁd
contaminated system and the 50%S6%N, mixture has N in discharges and that the predominant oxidation
only a slightly lower impulse ratio than pure ;SF byproducts are those seen in $0,, SOF, SOF,, and
However, the breakdown characteristics of spacers for SFSOF;). However, the presence of, Nnay reduce the
and SE-N, mixtures as well as their cooling efficiencies ability of SF to reform itself following an arc or a
need further investigation in order to quantify the discharge and thus it may inhibit its recovery. This needs
performance of the mixtures under practical conditions, agurther investigation.

has been pointed out by Endo [55]. Finally, to our knowledge there is only one
toxicological study [60] on SFN, mixtures, which

3M. Hara et al. as quoted by Nakanishi [40].
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FIG. 9. (a) Variation of the AC voltage in §A\,, and the mixtures
50%Sk-50%N,and 75%SE25%N, (from Eteiba et al. [54]). (b) Variation
of the 50% negative impulse breakdown voltage f@rSfand the mixture
50%SHkK-50%N, (from Eteiba et al. [54]).

exposed to the gas; livers, kidneys, and other organs are
hardly affected, but the alimentary systems are generally
influenced.

For gas-insulated transmission lines, -BF
mixtures in general and the 40%S&0%N, mixture in
particular have greatindustrial potential. Depending upon
the test, mixtures of G, appear to perform at least at
levels of 80% of pure SFand in some cases SN,
mixtures exceed pure Skerformance. Indeed, some
members of the electric power industry are in the process
of designing and/or building GITL using SN, mixtures
for insulation purposes. The use ofs$E mixtures in
existing GITL designed for pure §E more problematic
due to the need for possible equipment changes and
derating or recertification of existing equipment.

4.1.2 Gas-insulated Transformers

As was indicated in Sec. 2.4.2.2 of this report, heat
dissipation is a significant requirement for gas-insulated
transformers (GIT) in addition to the gas dielectric
insulation characteristics. A number of recent studies [55,
61-65] considered SN, mixtures as the insulating and
heat transfer medium for gas-insulated transformers in
spite of the fact that their insulating and heat-transfer
(cooling) capabilities are somewhat lower than for pure
SK. A recent study on the temperature distribution in
SFK-N, mixtures-insulated existing transformers [63] has
led to the conclusion that “$iN, mixtures-GIT meets the
standards completely and it can be applied in electric
power systems.” This same study found that a mixture
ratio 55%SE-45%N, has “good characteristics.” Similar
studies [61, 62] concluded that: (i) the application gf SF
N, mixtures as the insulating and heat-transfer medium is
feasible, (ii) with the same construction as for purg SF
SFK-N, mixtures can be selected with composition as high
as 55%SE45%N, with good insulation characteristics,
and (iii) for 10 kV class SFN, mixtures GIT, the heat-
transfer characteristics of the gas mixtures are the
controlling factor in the design of insulation construction.

Because the temperature rise [55, 64, 65], of a
50%SkK-50%N, mixture over that of pure $Fis
significant (approximately 15C to 20°C) [63], it was
suggested [64] that amorphous steel construction may
help alleviate the heat transfer problem and allow use of
a lower percentage of $ia the SE-N, mixtures. The use
of SK-N, mixtures may, thus, need to be coupled to the

concentrates on the toxicological action of arc-use of more heat resistant materials and modification of

decomposed SMN, mixtures (and pure QF Its main

conclusions are: (i) the lung, liver, and kidney can be

the transformer cooling design.
Overall, in spite of the difficulties mentioned in this

attacked by arc-decomposed, $fs and the alimentary Section regarding the cooling capabilities of thg-Sf

system also can be influenced by the arceg &% (ii)

mixtures, a 50%SF50%N, mixture can be a potentially

arced SEN, mainly attacks the lungs of the animals useful gas-insulated transformer medium and further

studies are indicated.
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4.2 Interruption 14 TABLE 3. Specific heat, specific thermal conductivity, and coefficient of
viscosity for SE, N,, and He.

As discussed in Sec. 2, for arc and current Gas Specific heat Thermal Coefficient of
interruption, the dielectric, switching, and thermal (cal gt K) C(‘:x,driftg'f)‘? V'(S:é’;'g
properties of the gas are important. Characterization of
the cooling capacity of an interrupting gaseous medium SF 0.157 0.0155 161 x 10(25°C)
involves consideration of the specific heat and specific 0.248 0.0238 163 x 70°C)
thermal conductivity of the gas, as well as its ability to
dissipate heat by convection. Nitrogen (and other light—He 1.242 0.150 189 x 10 °C)

gases such as He) supplemeng BFthis regard, SJ: 2Data provided by Endo [55] (Toshiba Corporation).
. . . ® From Clark [71].
being efficient at the very high temperatures (say,

10,000 K 1o 3,000 K) and Nor He) at the reIatlyer interrupting capability for applications in extreme low
lower temperatures (say, below 3,000 K). Table 3 lists th%emperature environment (40°C). Our data confirms

spe;:fl_ﬂ(_: Tea:cs,_ spe_cmcf tr;:e'\rlmal dcanductlvmes, andthat our puffer interrupters can be applied without design

coe _|rcr|]en sho V'SS:OS'WO S bz’ a? i de" th lteration.  Furthermore, with interrupters designed
ere have been a number of studies on Ihe arc an?peciﬁcally for SEN,, no derating is necessary with

current-interruption capabilities of $R, mixtures and benefits of less SFgas required, elimination of special

thelr_ performanc_:e In comparison t_o pure,SHost such heaters, and because of overall lower gas mass for a given
studies on circuit breakers used either of two types of gaf)ressure level, lower mechanical energy to operate the

circuit breakers (GCB). One is a double pressure typebreaker. The combination can offer a lower cost

and the_other IS a puffer ty_pg. Their st_ructures and thuTQ‘nterrupter with wider operating temperature range.
current-interruption capabilities are different. In the

Additional data on interrupter development specifically

double pressure type GCB, high pressure gas is alwayf%r SK-N, will be required to be more quantitative in

stored in a high pressure vessel and the compressed 9280 to the economic advantages qfSFinterruption

this vessel is blasted as soon as the contacts are separatﬁ] sdium.”
In the puffer type GCB, itis necessary to compress a gas Another significant study is that of Grant et al. [72]

in a puffer champer during the opening strok_e. Th.ewho compared the performance of $& mixtures as
Compressed. gas 1S blasted_to arc through an Insul"’lt'ofgterruption media of gas-blasted arcs for various mixture
_nozzle. !n this type OT opera_ltlon, the pressure increase ar ompositions and total pressures of 500 kPa, 600 kPa, and
its duration are crucial variables for current-interruption 700 kPa. They measured the rate of rise of the recovery

capability. Most cu_rrent G.CBS are .Of the puffer type. voltage (RRRV) capability, as a function of concentration
A comprehensive review and discussion of gases for

arc interruption prior to 1982 was given in [3]. One of the of added N (or He) to Sk Their results along with

- . ; similar measurements by Garzon [73] are shown in
significant results of this study is the observed strongFig 10. They show that the peak in the RRRV versys SF
dependence of the arc interruption performance of o o

di the total surahe rath apercentage moves towards lower, 8Bncentrations at
gaseous medium on {he total gas pressure,ne rather higher total pressures. These investigations also showed
limited data in this reporf3] indicated that the arc

interruption capability of SHncreased superlinearly with that the addition of appropriate amounts of(&¢ He) to

. . o F;, can result in improved RRRYV performance of up to
increasing pressure. This is significant because a sma 0% above that of pure SfFig. 11). The measurements
increase in the total pressure of an-8F mixture may

compensate for the reduction in the arc interruptionOf Grant et al. [72] on SN, mixtures and Garzon [73]
. . . X on SK-N, and SE-He mixtures are listed in Table 4. The
capability of the mixture relative to pure SF This e 2 2 > ! I

K131 al luded that: “F | hi hmeasurements of Leeds et al. [74] og-&Fmixtures are
work [3] also conciuded that. “=or general purpose g, o, jisted in Table 4 for comparison. As can be seen
voltage gas circuit breaker applications 8il be the

int i di H h licati ; from Table 4, the measurements of Garzon [73] on the
Interruption medium. However, there are applications 1or, ;0 - ¢ rise of recovery of voltage (RRRV) for a
which other media can be viable alternatives. For

synchronous interrupter show that the performance of SF
example, a European manufacturer offergI$fas part Y P & o

. X .~ . -N, mixtures having 50%Smy volume at pressures of
0, 2
of the puffer line with about 20% current derating in 1300 kPa to 1900 kPa is approximately 1.39 times better

1See Ref. [3] for a list of patents up to 1980 on gases forthan for pure SE Garzon also found that the recovery
electrical arc interruption. Also see Chervy etal. ([66, 67, 68]) for capability of a non-synchronous circuit breaker using this
information on the arc interruption capabilities of $F,and Sk gas mixture was at least as good as when puyevag
-C,F mixtures, Nakagawa et al. [69] for the interruption capability ysed. The optimum interrupter performance, judged in

of SK-CF, mixtures in puffer type gas-blast circuit breakers, and terms of its voltage recovery capability. is observed to
Middleton et al. [70] for work on SFCF, circuit breakers. 9 y cap 4
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TABLE 4. Recovery performance factbrormalized to pure Skas listed

2.5

_[_Din 69)). 1: 7 bar V\
. 2: 6 bar
N, N, N, N, He Air Sl V
%Sk 500 600 700 1700 600 1000 2.0 |4: Garzon ]
kPa kPa kPa kPa kPa kPa ’
[72] [72] [72] [73] [73] [74]
100 1.0 1.0 1.0 1.0 1.0 1.0 s
90 1.32 1.07 1.13 1.02 0.98 2 )
75 1.03 1.24 1.46 1.08 1.12 =
65 - 152 117 - o
60 - 0.93 122 113 &
50 1.0 0.82 0.86 1.33 1.14 0.52 0.5
40 - 1.39 -
25 0.56 0.38 0.52 0.90 1.08 0.28 0 { | L
“Ratio of the RRRYV for a given mixture to the RRRV for pure SF 0 25 50 75 100

occur when the mixture composition is roughly 50%SF
50%N, (Fig. 10). Garzon pointed out that these resultsFic. 10. RRRYV as a function of $FN, mixture ratio. Curves 1-3 are the
using a double pressure type cannot be generalized fo i f 557t o5 2 v v e e ol Baon 03] (oo
design of all circuit breakers, but in applications where x 1709 kpa.
conditions are similar to those of his experiments, “it will
be safe to assume that the use of a 50%-50% mixture &ftudied contained a constant partial pressure okl
N, and Sk will serve to improve thelv/dt recovery to 0.1 MPa. The voltage-current characteristic curve of
capability of the interrupter.” While this conclusion is for the spiral arc for the mixture 50%850%N, was slightly
higher pressures than are normally encountered irbelow the similar curve for pure SBt the same total
practice, Grant's data in Fig. 10 and the data in Table $ressure (0.8 MPa). They recommendegh$Fas “an
clearly support this statement for lower total pressures asxtinguishing medium of switch gear to avoid the
well. liquefying phenomena of pure S§as of high pressure
The results of Garzon were obtained with a underextremelylowtemperature and to reduce gas costs.”
synchronously operated interrupter, and “therefore it is However, other studies (see below) indicated that the
conceivable that non-synchronous operation may alte60%SE-50%N, mixtures performed not as well as pure
some of the findings.” However, Garzon states that “it iSSK, as arc or current interrupting media.
our experience that the recovery capability of a non- A comprehensive evaluation of and measurements
synchronous breaker using a 50%SB%N, mixturewas  on gases for arc interruption (puffer-type interrupter,
at least as good as when 100%B#&d been used.” Their current range ~X0l5 kA) was conducted by Lee and
results taken between 1.38 MPa and 1.93 MPa indicat€&rost [80]. They concluded that “the results of previous
improved capability with increasing total pressure and thisinvestigators reaffirmed the overall excellent arc
finding is consistent with earlier results [3]. interruption ability of SE while other gases and gas
Studies on full-size puffer interrupters using purg SF mixtures can have comparable performance in some
and SE-N, mixtures by Sélver [75] led him to conclude aspects of interruption.” They themselves screened about
that “a mixture of 69% SFand 31% N had considerably 250 gases and out of these they selected 40 gases and gas
higher recovery speed than pure; 3 the same §F mixtures for experimental evaluation. In Table 5 are
partial pressure.” given the arc interruption capabilities they measured for
As mentioned previoushMalik and Qureshi [38]  SFK-N, mixtures, SFHe mixtures, and pure $fér two
reviewed the work on electrical breakdown in mixtures of values of the load line Z These data show that the
SF;, and other gases including.NThey pointed out that relative interruption capability of a 50%8E0%N,
previous work [72, 73, 76—78] shows that it is possible tomixture is only about 70% that of pure,SFhis seems to
further enhance the excellent arc interruption properties obe at variance with the studies mentioned above and
SK;, by using SEF mixed with lighter gases such as points to the need for further studies.
nitrogen or helium Nakagawa et al. [69] performed calculations aimed
Naganawa et al. [79] investigated the DC at examining SFN, gas mixtures in a buffer-type GCB.
interruption by a spiral arc in $N, gas mixtures in the  Their theoretical study showed that (i) the current
pressure range 0.1 MPa@@ MPa . The mixtures they interruption capability of the mixture depends on the
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TABLE 5. Measured arc interruption capabilifieégases and gas mixtures

at 0.6 MPa (Lee and Frost [80]) 2.0
Gas or Z,=450Q Z,=450Q Z,=225Q Z,=225Q
mixture I, (kA) Relative Relative I, (kA) 1.5 1 SFs/”e/J—.—.\/f’\)
interruption  interruption ~® / \J
capability capability /O *
3 1.0 O —
100% 21.0 100 100 26.3 z
Sk
> SFS/N2
75%SHk 17.8 85 78 20.4 & 05 O ~
25%N,
50%SF; 14.9 71 65 17.2 0 L 1 {
50%N, 0 25 50 75 100
25F
75%Sk 154 73 78 70.4
25%He FIG. 11. RRRYV as a function of $fN, and SE-He mixture ratio for
50%SF 14.7 70 75 19.7 an upstream pressure of 600 KRam Grant et al. [72]).
50%He been investigated by Gleizes et al. [82-87] in a series of

*The cri.tical. current.| can be defined as that current where the' critical papers. Specifically, Gleizes et al. [82—84] reported
RRRYV line intersects the load ling.ZHigher | corresponds to higher . .
interruption capability. For practical transmission and distribution power measurements OT thQ axial temperaturg in a steady state
circuits, aZ, of 450Q is typical. arc plasma burnlng in $N, as a function of current
intensity. They found that the axial temperature value is
a complex function of radiation, thermal, and electrical
partial pressure of $k the mixture, and (i) that G, conductivities and it may not be intermediate to those of
gas mixtures are inferior to pure SFThe interrupting  pure Sk and pure N At high currents the energy losses
ability of the SE-N, gas mixtures containing a given were found to be dominated by radiation. In another
amount of S was found to deteriorate when, Was  paper Gleizes et al. [81] calculated thermodynamic
added to the mixture. For instance, the interruptingproperties and transport coefficients for,8F mixtures
capability of 300 kPa of pure $Was higher than that of in the temperature range 1000 K to 3000 K under the
a mixture of 300 kPa SF 200 kPa N The no-load assumption that the number densities involved in the
characteristics of 300 kPa SF200 kPa Bgas mixtures  computation are those of a plasma under local
showed that the rate of pressure rise was higher than th#termodynamic equilibrium. Figure 12 shows some of
of pure 300 kPa SFand that in spite of the higher value their results on the dependence of the thermodynamic
of the total pressure of the 8N, mixtures, the pressure properties of ) SK;, and SE-N, mixtures. It seems that
fall occurred faster in the mixture than in purg SF the thermodynamic properties of the 40%8B%N, are
These findings are at variance with the work of Grantnot significantly different than those of pure,SF
et al. [72] who reported that the interrupting abilities of Gleizes et al. [84] also performed calculations on the
SFK-N, gas mixtures become higher at certain mixturevariations of temperature and conductance during the
ratio (see Figs. 10 and 11) but are consistent with thextinction of nonblown, atmospheric pressure, wall-
calculations of Tsukushi et al. [81] who examined the stabilized arcs and concluded that “the use ofNsF
current interruption capability of $Fgas mixtures using mixtures as a gas fill for circuit breakers will be efficient
puffer-type GCB. According to Tsukushi et al. for (i.e., will largely preserve the interruption properties of
currents of ~15 kA, a 300 kPa SF 200 kPa Mshowed  SK)) when the proportion of ks higher than 50%.” See
76% ofdi /dt of pure SE. Their calculation of the puffer Refs. [85—-87] for further calculations on the various
pressure rise of gas mixtures in puffer-type gas blasparameters of significance in the performance of gas
circuit breakers for SFand SE-N, mixtures indicated circuit breakers depending on type and gas medium and
that the SEpartial pressure in a mixture was lower than on the role of plasma convection.
the pure S pressure when the pure Sifing pressure Sasao et al. [88] simulated the arc dynamic behavior
equaled that of the $Fpartial pressure in the mixture. of gas-blasted arcs using 8%, mixtures. Their
This was attributed to increases in the mass flow gf SFsimulations indicate that the use of;®E mixtures may
caused by the Njas. Thus these calculations showed thatrequire design changes of the arc chamber in order to
the pressure characteristics in a puffer chamber areptimize the arc quenching capability, and that these
different for Sk and SE-N, mixtures. This seems to be changes would depend on gas composition. They did not,
born out by other calculations discussed below [82—-87].however, indicate the “optimum” mixture composition.
The interruption capability of S, mixtures has  They found that the arc quenching ability of the-BE

Gases for Electrical Insulation and Arc Interruption: Possible Present and Future Alternatives to Pure SF; / NIST



Section 4 — Possible “Universal-Application” Gas Mixtures

19

40%Z SF —60Z N
6 2
10°
"o
~
=
a
= 10*}
fz: P=1 atm
e
[€a] ———-— — P=2 atm
— e ——=~ P=6 atm
- P=10 atm
10°%}
(0] 10 20
Temperature(lO:i K)
(a)
[ 40% sFe-60% Nz |
15
)
)
~
2
2,10 ¢
O
/
5 P=1 atm
—--—-- - P=2 atm
——— — P=6 atm
................. P=10 atm
0

0 5 10 15 20 25
Temperature(1 0’ K)

(c)

Cp(J/g.K)

[o2]

w»

\Y% (102 m/s)
§ 9}]

(]

-

PURE N2

——- — -~ 40% SF6—-60%Z N2

PURE SF8

S 10

15 20 25

Temperature(1 0® K)

(b)

[ P=2 atmospheres ]

_ PURE N2
/ — 40% SF6—60% N2
ceeeeeeenens PURE SF8
/
5 10 15 20 25

Temperature(10 8 K)

(d)

FIG. 12A, B, C,D. Calculations by Gleizes et al. [83] of the variation of enthalpy with temperature and pressure of ag@#$mixture (Fig.
12a); variation of the constant-pressure specific hgatyih temperature for pure,Npure SE, and 40%S§60%N, mixture (Fig. 12b);

evolution of the peaks of the constant-pressure specific heat with pressure of g-80%8Fmixture (Fig. 12c) ; and variations of the speed of
sound, v, as a function of temperature for puepre SE and 40%S§E60%N, mixture (Fig. 12d). Note that these parameters for puyeusF

the 40%SE60%N, mixture are rather close.
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FIG. 12E, F, G, H. Calculations by Gleizes et al. [83] for the electrical conductivity of a 4Q%®¥%N, mixture as a function of temperature and
pressure (Fig. 12e); variation of the total thermal conductivity with temperature for puymer&l SE, and 40%S§60%N, mixture at a total pressure of
6 atm (Fig. 12f); variation of the total thermal conductivity with temperature and pressure for AB9%@¥ mixture (Fig. 12g); and variation of
viscosity with temperature forpure,Nbure SE, and 40%S§E60%N, mixture at a total pressure of 1 atm (Fig. 12h).
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mixtures (including pressure rise and decrease) depends 1.0 l ‘ . .
significantly on the configuration of the arc chamber and “o 20 40 60 80 100
interruption current in addition to the arc quenching PERCENT N,

properties of the mixture I_'[S€|f.. . FIG. 14. Production rates normalized to the 86ntent vs
Hence, these studies indicate that the actual percent volume in SAN, mixtures for negative point-plane

performance is a function of many design variables. Thus corona in gas at a total absolute pressure of 200 kPa and a

a “drop-in” gas mixture (i.e., a gas mixture for use in constant discharge current of BOA [6, 89].
existing equipment) does not appear to be feasible for _ _ _
GCBs designed specifically for use with pure,SF Finally, Christophorou and Van Brunt [6] reviewed

However, the concept of new circuit breakers designed fothe limited data on the decomposition of $F; mixtures.

use with a mixture, rather than for pure,Sfust be  Their conclusion, based on corona decomposition

explored and tested before the possibility of a replacemerineasurements, was that “there is little chemical

mixture for circuit breakers is ruled out. interaction between grand N in discharges, and the
According to Waymel and Boisseau [57], gas- Predominant oxidation byproducts are those seen in pure

insulated substation circuit breakers require high arcSF such as SO SOF, SOF, and SOE" These

breaking properties that are not compatible with oN  byproducts are principally formed via interactions of SF

low percentage SAN, mixtures and for this reason SF decomposition fragments with oxygen and water

N, mixtures are not considered for switchgear and othefmpurities [6].  The relative abundances of these

gas-insulated equipment existing or re-designed. byproducts may, however, be different, especially that of
Similarly, Middleton et al. [70] concluded that the SG;whichis much larger for the 40%g60%N, mixture

use of SEN, mixtures for circuit breakers involves compared to pure Gksee Fig. 14). The very much larger

significant derating of the circuit breakers under short lineconcentrations of SQOin a 40%SE60%N, mixture

fault because of their reduced thermal cajigbbmpared ~ compared to pure $Fmay be useful for diagnostic

to pure SE These authors reported the relative thermalpurposes. It might be noted also that the presencg of N

switching capabilities of various gas mixtures shown inmay affect the ability of SRo reform itself in arc or

Fig. 13 which indicate a poor performance forawd a  discharge decomposition.

good performance for GFAs other studies have shown, Overall, the data for use of N, mixtures in circuit

the build up pressure is higher for the -8E mixture breakers are contradictory, thus suggesting the need for

than for the SFFCF, and both are higher than for purg,SF  additional research. It seems clear that/$Fmixtures

It may thus be inferred from the studies mentioned abovénay not be used in existing breakers designed specifically

that the performance deficiencies of,$§ mixtures in  for pure Sk but new designs may make effective use of

circuit breakers are principally due to thermal effects. ~ SF-N, mixtures.
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22 Section 4.3 — Gas Handling, Storing, Recycling, and Recovery

4.3 Gas Handling, Storing, Recycling, medium. This “universal-application” mixture has no
and Recovering apparent physical or chemical problems, but the fact that
its dielectric performance is only 85% to 90% of that of
Clearly, if an SEEN, mixture is to be used in existing pure Sk would require equipment recertification along
electrical equipment, a number of other issues need to b&ith hardware changes or derating. This is nearly
addressed and one of them pertains to information ommpossible for equipment already in service, and would be
handling, storing, recycling, and recovering 88m the  costly for new equipment presently certified only for pure
SFK-N, mixtures. In this connection, Mitchel et al. [8] Sk, use. Thus it would appear that the development of a
investigated the practical thermodynamics qft8Eovery  replacement gas for use in existing equipment (a “drop-in”
from SK-N, (and SE-air) mixtures. They discussed gas) is not presently a viable alternative. However, the
recovery of S from mixtures with various non- application of standard gas mixtures to newly designed
condensible gases using a compressor/refrigerator systeraguipment is certainly worthy of further consideration.
and presented simulation results showing ®€overy Questions must also be raised with regard to the
efficiency and capacity in terms of cooling temperature,recovery, reusability, recycling, separation, and
total pressure, and gas composition. This study indicatettansportation of gas mixtures using existing technologies.
that Sk extraction from a 50%S$H0%N, mixture These points are discussed in Appendix C of this report.
presents no real problems. However, Probst [90] argues  The electric power industry clearly prefers to use
that SK-N, mixtures have problems in terms of pure SE for arc interruption. While still more work is
recyclability and reusability and that economic factors necessary to resolve open questions and differences in
may be significant (see Appendix C for additional published work, the standard mixture seems to have the
discussion of this issue). TheSfas can be reclaimed potential to perform well even in circuit breakers,
from the mixture but at a cost. Thus it seems reasonablespecially if used in new equipment designed specifically
to conclude that recycling of mixtures can be done, but thdor use with a particular mixture. Nonetheless, it appears
technologies used need to be improved. CIGRE 23.1@hat industry is hesitant to consider,s$F mixtures for
Task Force just published a document [19] dealing witharc interruption. Some of the reasons given [55, 91, 92],
SF; recycling, reuse of $Fgas in electrical equipment in addition to those mentioned above for insulation
and final disposal. Unfortunately, no such work has beerapplications, are:
done on mixtures. e Thermal derating would be required for many
The data presented in earlier sections of this reporapplications.
suggest that there can be considerable tolerance for ¢ The pressure rise during an internal failure arc in
variation of the percentage of SR N, for a proposed equipment will be much faster and higher with the
50%Sk-50%N, mixture without significant effect on the mixture. This may be limited by rupture disk properties,
dielectric performance of the mixture. This is because thevhich presents a possible safety issue.
properties of the mixture are not generally a strong « Some studies indicate significant reduction in the
function of the S§ concentration at this mixture performance of mixtures, as compared to purg BF
composition. Certainly a tolerance in the percentage oturrent circuit breaker designs, thus indicating the
SF; content of +5% seems reasonable. It should also bpossible need for substantial breaker redesign.
noted that the removal of byproducts from the mixture is * Recycling of mixtures will be more expensive and
not expected to be much different than in purg. SF would require new equipment.
Furthermore, there seem to be no serious problems in  « Benefits of SEsubstitutes can only be adequately
making a standard gas mixture or in recovering the SFjudged by complete life cycle analysis of the equipment
from the mixture (see Appendix C). which is used, including the effects of different materials.

4.4 Discussion In general, the physical and chemi
properties of a 40% or 50% mixture of Sk
The electric power industry seems willing to consider | N, suggest that it may be appropriate a
SFK-N, mixtures for insulation, for instance, in new gas- “universal application” gas mixture in ne
insulated transmission lines. Indeed, much work is being | €quipment, particularly if designed specifica
conducted world-wide in this area. Most such studies | for use with SN, mixtures. However, th
focus on low concentration mixtures (10% to 15%) for | practical difficulties of using SFN, mixtures
insulation, although work is also being done on higher | in existing equipment seem to be particul
concentration SFN, mixtures for circuit breaker use. A large at present.
40%SkK-60%N, mixture performs well as an insulating
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5. Other Promising Gases or L !

760 mm e

Mixtures -

® 00 O

In the previous section we have attempted to identify -
a gas mixture that would be acceptable as a “universal- 152 mm S
application” replacement of §For both high voltage
insulation and arc interruption. In this section we focus
on gases or mixtures which are likely substitutes for
specific high voltage insulation or arc interruption
applications? and are thus worthy of immediate
exploration(i.e., sufficient data are presently available to
demonstrate their potential, but not to sufficiently prove
their performance) Their possible use may require
changes in equipment designs. We focus on three such
gaseous dielectric media for which a significant amount of
data are available:
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» high-pressure pureNor high voltage insulation; o

» low concentration SFN, mixturesfor insulation
and arc interruption; and

» SFK-He mixtures for arc interruption.

GAS PRESSURE (atm)

Besides the gaseous media mentioned above, thetgs. 15. DC breakdown voltage applied to the conductor as a function of
are many other unitary gases, and binary and tertiary gagss pressure for $and N using coaxial geometry (152 mm / 776 mm
: : P : : system; positive or negative polarity). The data represented by the solid and
mixtures which are ;uperlor In dlel_ectrl_c Strength to pureopen symbols are for breakdowns at two locations as indicated in the figure.
SF, and can potentially be used in high voltage needsrhe solid symbols correspond to breakdown in the line and the open
(e_g_, see [2, 3, 27, 31_33] and Table 1). However, theymbols are those cases where line sparks were not the limiting factor (see
overwhelming preponderance of these gaseous dielectridg®)-

are not acceptable for various reasons such as their

environmental impact, Foxicity, or flammability, O gases [6, 25, 29]. Its thermal conductivity (Table 2)
because they cannot satisfy one or more of the req“'r_eamkes it a good cooling gas, especially at temperatures
overall properties discussed in Sec. 2. From the long lisass than a few thousand degrees. In this regard, it nicely
of these we have identified a number of the mOStcompIements SF
promising. These are discussed in Sec. 6. Existing measurements [3, 6, 14, 34, 37, 51] show
that:
) _ « Under uniform field conditions and low pressures
5.1 High-Pressure N , for Insulation (less than about 300 kPa) Nas about one third [25, 93]
] ) ] ] ) the dielectric strength of pure SF
As mentioned earlier [6, 14], nitrogen is an ideal gas « The breakdown voltage (DC or AC) of,N
to use: it is abundant, cheap, inert, non-toxic, NON-jncreases with pressure as does that p{&#e Figs. 4 and
flammable, and unquestionably environmentally 15 (37, 48, 50, 94, 95, but it turns toward saturation at
acceptable. high pressures. The falling of the breakdown voltages for

However, nitrogen is a non-electronegative gas (ityoih N, and SE below the linearly projected dielectric
does not attach electrons) and for this reason its d'eleCtr'gtrength as the pressure increases, is due to the

strength is ra_ther low. Nitrogen2 however, is a Strong“magnification” at high pressures of the field non-
electron-slowing down gas and this property accounts fofniformity due to surface roughness and imperfections.
its relatively good dielectric properties in non-uniform g,ch effects are more pronounced for, &d other
fields and in the presence of conducting particles, and fogjecronegative gases) for which the effective ionization
its excellent performance in mixtures with electronegativeefficient increases with the field much faster than does
15Depending on a particular application, the mixture, the ionization coefficient of the non-electronegative gas

composition, or pressure of the replacement gas will be varied td\2 [6: 25_3, 93]. In Fig. 16 are shown the results of a recent
maximize the performance of the equipment. comparison of AC and DC measurements using
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FiG. 16. Breakdown voltage Er vs Pr (ris the radius of the inner conductor) Fig. 17. Lightning impulse breakdown stress in nitrogen using cylindrical

for cylindrical electrode geometries (similarity plot) for pure nitrogen [34]. electrodes as a function of gas pressure [34, $6]Lightning data of

Data of Pace et al. [34], Cooke and Velazquez [95], and Cookson andlecricité de France [34, 96}, Lightning data of Ref. 3671, Switching

Pedersen [37]. data of Ref. 37. The ratio of the diameters of the two coaxial electrodes is
given in the figure.

cylindrical electrode$>"'® Pace et al. [34] argued that

when the area effect is taken into consideration, the recerilectricité de France as reported by Pace eB84/.96].

Electricité de France measurements [96] are compatibl€&or a coaxial electrode arrangement with 185 mm inner

with the DC measurements of Ref. [37]. The limited and 400 mm outer conductor radius, electric fields as high

lightning impulse measurements of Medeiros et al. [97]as 19 kV/mm can be sustained for nitrogen pressures of

are consistent with the rest of the data in Fig.16.about 1MPa.

Breakdown voltages of 1 MV are possible for values of » The dielectric strength of Ns less sensitive to

the productP x r ( pressure times radius of inner non-uniform fields than that of §F This is understood

conductor) of 8 MPa cm. The level of voltage is a from basic physical measurements such as the variation of

function of the system dimensions and the total pressurghe effective ionization coefficient witk/N close to

According to Pace et al., a rough estimate of the level ofE/N),,, [14, 25, 93, 99, 100]. Similarly, Nis less

voltage may be determined by employing similarity sensitive than electronegative gases to conductor

rules’® roughness. In practice, surface roughness effects are a
» Impulse breakdown studies [37, 96] with co-axial strong function of the cable system size.

electrodes of various inner and outer conductor radiihave ¢ Under conditions of conductive particle

been made and they vary with the ratio of the inner tocontamination and high pressures (about 1.0 MPg), N

outer conductor radius (see Fig. 17). The measuremenigerforms very well compared to pure;$Fig. 8).

of Cookson and Pedersen [37] with lightning impulse, are * The arc interruption capability of pure,Ns

in excellent agreement with the recent measurements dignificantly inferior to that of pure gFalthough at high

pressures (> 1 MPa) there may well be some use of pure
%We are thankful to M. O. Pace for Figs. 15, 16, and 19, N..

and to X. Waymel and C. Boisseau for their permission to

reproduce the EDF measurements.

The physical data presented here suggest that high
pressure 1MPa) N may be a good alternative to pure

17 iilar ; ; . . ' :

_"The similarity rule helps consolidate data from various gt certain electrical insulation purposes. However,

experimental set ups. Two experiments are “similar” if one can be K tical svst t hiah iah
converted to the other by a change in scale. For example, twglOreé Work on practical systems at high pressures thig

coaxial cylinder experiments are similar if the corresponding radii * r is_ deSira_ble to check its perfqrmance ?tab”ity in
and lengths are all in the same ratio from one system to another [34ndustrial equipment. Also the question of environmental

98]. and economic impact of designing and constructing the
8The measurements of Refs. [36, 50, 94, 95] were made'equired high pressure vessels must be investigated.

on coaxial geometries with various inner and outer conductor
diameters.
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5.2 Low-Concentration SF 4-N, Mixtures for 25

Insulation *° ) 100%

There have been many studies aimed at the
development of nitrogen-based gaseous dielectrics. In
Sec. 4 of this report we attempted to identify an
“optimum” mixture of Sk and N, and in so doing we
referenced many literature sources dealing withNgF
mixtures as a function of $Fconcentration. In this
section we focus on the possibility of developlog-
concentration SK-N, mixtures for possible use in
electrical insulation. By low concentration is meant a
percentage of Skn N, of less than 15%. The available
information on such mixtures is outlined below (see also, 1
Sect. 4). 0

« Small amounts of electron attaching gases such as 0 2 4 6 8 10 12
SFK; in N, substantially increase the dielectric strength of pressure, bar
the mixture (Fig. 4). Depending on the electron attaching
propertles of t_he elec_troneg_atlve gaswhichis a_ddeg’ toN Fic. 18. Measured breakdown fields in coaxial cables of diameters
the increase in the dielectric strength of the mixture mayigs mm /400 mm (EDF-95 [96], solid curves), and 89 mm / 226 mm ([37],
or may not saturate as the electronegative gaglasheq curves). The percentage gfiSmixtures with nitrogen is indicated
concentration is increased [25, 42)]. in the figure [34, 96].

« Pace et al. [34, 96] compared the AC levels of insulation. These can be separately insulated
measurements of Cookson and Pedersen [37] with thaith gases or mixtures containing higher percentages of
measurements of EDF for co-axial cables. Their resultsSK; or even with pure SHf indeed this is necessary.
are shown in Fig. 18 for 5% and 10% mixtures. A similar They certainly can be used for transmission of lower level
comparison was made by them for the negative lightingvoltages.
impulse breakdown voltage as a function of pressure for ¢ A lightning impulse (1.2 / 50 ps) study [102] of
a number of gas mixture compositions. An example ofSK-N, mixtures with 0.15% to 0.2% $Fontent for
these measurements and comparisons are given in Fig. 18d/plane gaps with both positive and negative voltages
for a 10% mixture. The data [34, 96] are in reasonableshowed that for both polarities the effect of the addition of
agreement when the similarity law for cylinders is applied SK; to N, is dependent on both the gas pressure and gap
(Fig. 19). It should be noted, however, that the increasespacing. Maxima in voltage versus$Ercentage curves
in the breakdown voltage with pressure is not linear andvere observed which were a function of the total pressure.
any simple extrapolation to higher pressures of these

_ —_ N
o [3,] (@]
Pl SNSRI BN SO U G

breakdown AC field, kV/mm crest

[3,]
ol

resul.ts mzzkbee![n :Irro[im] measured the breakdown ol Goomaly Bmmbanml 107 STl
' 2000 T T T T T
properties of low concentrations (< 1.5%) of 8FN, in 1e00 L
a highly non-uniform field arrangement (rod-plane ool Negative Impulse
geometry). Their results for negative polarity clearly |
show a large increase in dielectric strength even at very Heer 7
low concentrations ( < 0.3%). Such mixtures may be S wor 1
useful for filling substations. In such situations there are E 1000 (- S e
parts that have special requirements in terms of higher 800 ocprs ]
600 - 89/226 i

1%See, also, Volume 2 of the Proceedings of the 10th 400 - |
International Symposium on High Voltage Engineering, August
25-29, 1997, Montréal, Québec, Canada. For instance, H. I. 2o - }
Marsden, S. J. Dale, M. D. Hopkins, and C. R. Eck Ill, “High ° "‘)0 2[',0 3(’]0 4(‘)0 SL')O o0
Voltage Performance of a Gas Insulated Cable wjtard N-SF; b, (bar mm)

Mixtures,” pp. 9-12; T. B. Diarra, A. Béroual, F. Buret, E. Thuries,
M. Guillen, and_Ph. Boussel' ;N;FG_ Mixtures for High Voltage FIG. 19. The product Er as a function of the product Pr for a 10%SF
Gas Insulated Lines,” pp. 105-108; ?nd X. Waymel, V. Delmon, T. ggosN, mixture for lightning impulse breakdown (E is the electric field, ris
Reess, A. Gibert, and P. Domens, “Impulse Breakdown in Point-the radius of the inner cylinder of the coaxial cylinder electrode geometry,
Plane Gaps in SN, Mixtures,” pp. 289-292. and P is the total pressure) [34, 96].
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26 Section 5.3 — SF-He Mixtures for Arc Interruption

For positive polarity voltages the maximum in breakdown TABLE 7. Breakdown strength of mixtures of S#hd He [106].

strength occurs when the S¢ontent in the mixture is Strength Maximum Minimum
about 0.5% at 100 kPa, 5% at 300 kPa, and 10% at relative to SF strength relative  strength relative
500 kPa (quasi-uniform  to Sk (non- to SK (non-
T i i . i Gas field ; sphere- uniform field ; uniform field ;

* Qiu and Kuffel [103] investigated the increase in  mixture  plane electrodes pin protrusion;  pin protrusion;
dielectric strength of nitrogen (and helium) mixtures due at 150 kPa) 100 kPa <P 100 kPa <P
to 1% SE additive. Table 6 shows their data on the <500 kPa) <500 kPa)
Vinixure | Vgas Of the breakdown voltage for the mixture to  100% sg 100 100 100

the breakdown voltage of the buffer gas,(® He). Itis

seen that even 1% Sk N, significantly improves the 100% He -3
dielectric strength, and that this improvement varies with 75% sg 78 130 71
the type of applied voltage. 25% He

* Yializis et al. [104] studied impulse breakdown g4, o¢ 56 126 .

and corona characteristics of ¥, mixtures with less 50% He

than 1% of Sf content using rod-plane gaps. 2506 SE 23 101 a1
Measurements of 50% impulse breakdown voltage were “75," o

made mainly in SFN, mixtures containing 0.1% $F
content by pressure over the range of 100 kPa to 500 kPa
and gap lengths of 10 mm to 50 mm using positive and
negative polarity 1.8 / 5Ms and 310 / 350Ms pulses.
Their results show that the positive impulse breakdown of SF,-He mixtures are considered for use in circuit

N, in the pressure region of 100 kPa to 250 kPa increasegreakers. Helium has a very low dielectric strength (~ 3%
considerably with the addition of small traces of SF that of SE in uniform fields, Table 7) and contributes
~* Naganawa et al. [73] made measurements on DCryally nothing to the dielectric strength of the mixture.
interruption by spiral arc in G, mixtures (0.1 MPato  ypjike the SEN, mixtures which exhibit substantial

0.8 MPa). They recommended S¥, mixtures as an  gynergism in terms of their dielectric strength, thelS€
extinguishing medium of switchgear to avoid liquefication ixtures show no such synergism.

of pure SE at high pressure under extremely low Helium, however, complements S& terms of its

temperatures and to save on gas cost. They concludeghyjing capability because it is very light. Its specific heat
that compared to the case of purg Seven a small  5nq thermal conductivity are very large (see Table 3).
content of SEin the mixture is effective to decrease the gjium is an inert gas and does not react chemically with

magnitude of interrupting overvoltages with the arcing gjiner SE, or the gas impurities present in commercial
time unchanged.” On the other hand, Wootton andSF6 or the system components.

Cookson [51] found that “addition of trace amounts qf SF Grant et al. [73] investigated the recovery
(€.g., 2%) to nitrogen at high pressureg.(éL.ZOMPa) . performance of SFHe mixtures as a function of the SF
can reduce the breakdown strength (by ~40%), Whilecontent in the mixture. Their results were presented
increasing the strength at low pressures. earlier in Table 4 and show the performance Qft$&

* Finally, according to Bolin [105], recent reports mjiytyres which for a total pressure of 0.6 MPa seem to be
from ABB and Siemens show that GITL are being _1qo higher than pure SFor virtually all mixture

design_eq for use with low percentage, Shixtures compositions from 75% to 25% S@ee Fig. 11).
(containing less than 20% gF Basile et al. [107Jound that SFHe mixtures show

a synergistic maximum in the 50% breakdown voltage at
a percentage of He around 30%. At the maximum content
of He used in these tests (50%), the breakdown voltage of

5.3 SF-He Mixtures for Arc Interruption

TABLE 6. Vyiue ! Voas fOr a mixture of 1% SFin either N or He for
various types of applied voltage [103].

Applied Voltage V(%ug /kg‘;a)s V(“”Z“O'“g /kg‘;a)s a rod-plane electrode system was still higher than in pure
SK. This suggests that $He mixtures could be
He N, considered as an alternative to pure, 8Foperating
1.5 /404ls 1.35 155 conditions of low temperature.
' Wootton and Cookson [51] measured the 60-Hz
+1.5/40 us 1.92 1.70 dielectric strength of SFHe mixtures in a plane-parallel
AC 5 5 579 electrode system with particle contamination (free 6.4 mm

long x 0.45 mm diameter copper and aluminum particles).
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Section 6 — Other Possible Substitutes: Future and Long-term R&D 27

this and earlier sections (e. g., Table 4, Figs. 10 and 11) on
arc interruptior— would suggest that $He mixtures
containing 0.29 MPa of $Fat total pressures in excess
of about 1MPa may be suitable for arc/currentinterruption
applications. However, Niemeyer [108] points out that
the published data on $He synergisms in switchgear
only refer to the initial thermal recovery under short line
fault switching where the dielectric stress is still low and
not to terminal fault interruption where the dielectric

Breakdown Breakdown

Breakdown A

30007 100% SF

Voltage (kV, rms, 60 Hz)

(a) stress is high. Clearly, there are still a number of issues
regarding the SfHe mixtures which include gas
% " > s compression, separation and leakage which need to be
Pressure( MPal addressed.

The data presented here strongly suggest [t
pure N, and mixtures of low concentration

SK, in N, may be appropriate for man
insulating applications. The data also suggfjt
that SK-He mixtures may be viable for use
gas-insulated circuit breakers.  Furth
research on their use in practical systems t
still be performed.

Voltage (kV, rms, 60 Hz!

0 0.5 1.0 1.5
Pressure { MPal

FiG. 20. Dielectric strength for SFHe mixtures with 1%, 5%, 20% and . .
50% Sk for copper (Fig. 20 a) and aluminum (Fig. 20 b) particles [51]. 6. Other Possible Substitutes:

Future Long-term R&D

Figure 20 shows the dielectric strength for mixtures with ) i i )
1%, 5%, 20% and 50% SFor copper (Fig. 20a) and As mentioned pr_ew_ously, othergases_emstforwhlch
aluminum (Fig. 20b) particles. While the breakdown there are data that indicate some potential for use as a
strength of helium in uniform fields is only a small gaseous dielectric or interruption medium. Some of those

fraction of that of SFand mixtures of the two gases in With the most potential are listed in Table 8, and an
uniform fields have dielectric strengths which are investigation of these gases could form the core of a future

intermediate to those of the two gases, the data in Fig. 2{ng-term research and development effort to develop
show that the dielectric strength of the He-SRixtures acceptable sgbstltute gaseous medlafor the various needs
under particle contamination is equal to or greater tharPf the electric power industry. This program could
that of SE_at its optimum pressure of about 0.29 MPa, Include &fforts in the following specific areas: _
Further analysis of these data by Wootton and Cookson . ° A searchforsingle gases athigh pressure (besides
showed that the maxima in the curves for total pressured2) fOr insulation purposes , including G0, and

of 1.43 MPa, 1.1 MPa, 0.77 MPa, and 0.43 MPa occurred® [2; 3, 6, 14, 30, 31, 109-111]. These are weakly
at a partial pressure of SBf about 0.3 MPa. Itwas also ©léctronegative gases and their electron attaching
found that for mixtures with the optimum partial pressure ProPerties and dielectric strength may increase with gas
of SR (0.29 MPa), additon of He increases the density [110,111]. _

breakdown strength linearly, in contrast to addition gf SF_ * A search for binary mixtures (other than,$¥;
which decreases the breakdown strength. The data in FigNd SkHe) suitable for particular applications [3, 2, 25,
20b show that a 20%$B0%He mixture attotal pressures <0: 31, 42, 51, 53, 80, 112-123], includings $Br, Sk
greater than 0.7 MPa is superior in performance to purd CF» SF + GFs, and He + an electronegative
SF,. Even a 5%SF95%He mixture at a total pressure component gas (for arc and current interruption);+N
greater than 1.3 MPa performs better than puge S~ 5O No + ¢-GFy, SO+ Sk, Sk +CQ, , and NO +Sk

This work on particles and the work discussed in (for insulation).
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TABLE 8. Gases and gas mixtures, for possible use in insulation and argonductivities, and viscosities of gas mixtures under the
and current interruption applications, which may be appropriate for further

research based upon presently known information. conditions they are us_ed In EIE(.:mcaI equm_ent;
—— | : * therole of particles and improved particle control
nsulation nterruption methOdS;
Possible « 40% SE+ 60% N « 40% SE+ 60% N » interface phenomena and partial discharge
Universal ~ 50% Sk +50% N + 50% Sk +50% N behavior:
Mixtures

» assessment of available data;
« life cycle analysis of the overall environmental

geaf Tefhm . Eigh pfeSSUtfeth * Sk + He gain by using mixtures instead of pure, SF
esearc * LOw concentration . .
SF.in N, e handling, storage, recovery, and disposal of gas
mixtures;
Lona R co o+ A » ways to reduce the cost of recovery of 86m
ong Range -« * Sk + Ar ; .
as mixtures
Research SO, « SR+ CF? 9 v _ - o
+ N,O « SE + CF * new equipment designed specifically to eliminate
* N, +SQ * SR+ N, + He emissions;
¢ N, + c-GF* «SK+ N, +Ar : : .
.50, + S «He + electronegative . |mprovgd recychn_g procedures; .
+ SO, + c-GF, gases » relaxation of equipment constraints that would
* SR+ CG, make other gases acceptable;

“These are also greenhouse gases, but their global warming potentials are ~ * alternative technologies not requiring gaseous

about one third that of §F Over a 100-year time horizon the global ~ dielectrics, such as high temperature superconductors and
warming potentials of c-fE,, CF,, CF;, and SE are respectively 8,700,

6,500, 9,200, and 23,900 [22]. solid state switching.

« A search for ternary mixtures, including the

following systems: SF+ N, + He and SE+ N, + Ar [3 A significant amount of research must
. 2 2 ' erformed for any new gas or gas mixtur
2,30, 31, 124, 125]. P y g g

be used in electrical equipment. Suc
program necessarily would require t
systematic study of potential replaceme
including their physical, chemical, a
performance properties. A concerted natio
or international effort in this area b
equipment manufacturers, utilitie
government labs, universities and ¢
manufacturing companies would be benefic

While a large amount of effort was expended in the
1970s and 1980s to search for gases exhibiting better
dielectric performance than $Ehe emphasis of any new
research program would be to identify gases with
acceptable dielectric properties, and minimal
environmental impact. This could include a search for
new synthetic gases, better additives thap, BEtter
buffers than N and gases with an IR window near i
to avoid any contribution to global warming. It could
even be suggested that an investigation of gaseous media
that are detrimental to the environment is justified, if the
gas has superior performance properties for a particular
application where its release into the environment could

be absolutely prevented. 7. Conclusions and
Other areas of productive investigation that are Recommendations

suggested by the research presented in this report include

the following:

Sulfur hexafluoride is an superior dielectric gas for
* the role of humidity and impurities on dielectric nearly all high voltage applications. It is easy to use,
gas properties; exhibits exceptional insulation and arc-interupption
* electron attachment and detachment in low properties, and has proven its performance by many years
concentration SFN, mixtures; of use and investigation. It is clearly superior in
* decomposition of SFN, mixtures as a function of  performance to the air and oil insulated equipment which
concentration, impurity content, and type of discharge; \was used prior to the development of BBulated
* dielectric behavior of gas mixtures at high gas equipment. However, the extremely high global warming
pressures; potential of SEmandates that users actively pursue means
+ thermal and electrical conductivities of 8%, o minimize releases into the environment, one of which
mixtures; thermodynamic properties, thermal js the use of other gases or gas mixtures in place,of SF
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An evaluation of the results of the last two decades3.
and a detailed analysis of the data presented in this report,
indicate that no replacement gas is immediately available
for use as an Sfubstitute (“drop-in gas”) in existing 4
electric utility equipment. For gas insulated transmission
lines and gas insulated transformers, the limitation is
primarily due to the need for re-certification and possible5'
re-rating of equipment that is already in use. For gas
insulated circuit breakers there are still significant
guestions concerning the performance of gases other thari
pure SE.

However, various gas mixtures show considerable
promise for use in new equipment, particularly if the -
equipment is designed specifically for use with a gas
mixture:

* Mixtures of nearly equal amounts of Sthd N
exhibit dielectric properties that suggest that they could be
used as a “universal application” gas for both electrical
insulation and arc/current interruption purposes. In this
connection, standard procedures for mixture handling,
use, and recovery would need to be further developed. 9.

* Mixtures of low concentrations (<15%) of SF&

N, show excellent potential for use in gas insulated
transmission lines, although further work on their
performance in practical systems is necessary.

« Pure high pressure nitrogen may be suitable for
some electrical insulation applications. Consideration ofl0
the use of such environmentally friendly gases whege SF

is not absolutely required should be investigated andll

promoted.
* A mixture of SE and helium has shown promise
when used in gas insulated circuit breakers, and should be

investigated further. 12.

Finally, it is clear that a significant amount of
research must be performed for any new gas or gas
mixture to be used in electrical equipment. Such a

program necessarily would require the systematic study oi 3,

potential replacements, including their physical, chemical,
and performance properties (see for example Sections 3
and 6). A concerted effort in this area by equipment

manufacturers, utilities, government labs, unives, and ~ 14.

gas manufacturing companies would be beneficial.

15.
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Appendix A — Survey of SF, by End-Use Application

Appendix A
Sales of SFby end-use application [12] (This survey excludes contributions from China and Russia).
venn | Yoites o vl | Mapesun | Eons | Ut St 1 Oter Uses | oL
(units in metric tons)
1961 0 9] 0 0 0 0"
1962 14 144 0 0 0 0" 154
1963 14 181 0 0 0 9" 204|1
1964 18 204 14 D D 1”1
1965 32 231 23 D D 1H3
1966 61 231 27 D 5 2H5 37
1967 63 239 32 5 ¢] ZH’ 39
1968 63 254 36 5 19 4|z 42
1969 84 269 41 v 19 4{5 49
1970 144 277 44 ¢] 14 4"4 60
1971 469 289 71 10 14 1|2 1,01"3*
1972 515 263 68 il 14 4|4 1,01"7*
1973 700 35% 88 il 14 5"4 1,3 IS*
1974 732 334 46 1p 14 Mz 1,3 {3*
1975 937 559 12D 13 14 111 1, |54
1976 1,234 760 195 13 14 146 2,4
1977 1,294 924 214 13 14 141 2,4 5
1978 1,473 1,01p 256 13 20 144 2,5"15
1,979 1,961 1,26f7 312 15 32 1H$8 S,J’|76
1980 1,861 1,54p 321 16 35 2ll6 3,5”91
1981 2,054 1,397 320 17 54 2llo 4,("53
1982 2,094 1,550 360 18 59 2116 4,$|29
1983 1,964 1,421 374 17 80 23 4,(”91
1984 2,344 1,85p 397 16 108 2H;2 4,5H
1985 2,44( 1,734 437 20 111 2#4 4,5H
1986 2,717 1,66p 431 38 110 SHJO S,H
1987 2,784 1,641 415 13 146 2Hs5 S,HZ4
1988 2,654 1,64p 398 100 162 3H)7 S,H
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1989 2,831 1,75 363 117 270 3st 5,H58
1990 3,32 1,72 385 140 200 4Hz5 6,H25
1991 3,414 2,02 357 151 260 eHsz 6,H86
1992 3,314 2,17 266 201 200 6Hl5 6,H87
1993 3,52 1,84 274 229 200 eHss 6.421
1994 3,204 2,40 354 262 305 5H37 7,425
1995 3,124 2,65 399 300 356 6”7 7457
1996 3,134 2,79 544 307 344 4”12 7471

Subtotal 56,696 39,7 7,972 2,161 3,426 7#57 118512
1997 3,664 2,15 426 342 472 2Hs7 733 E
1,998 3,87( 2,11 348 378 502 2";5 7,44|1 E
1,999 3,711 2,27 362 417 559 2“2 7.5 |lE
2,000 3,704 2,28 347 461 584 1”39 7,57"1 E

||

TOTAL 71,655 48,552 9,495 3,759 5,543 8,150 1484126

* For the years 1966-1974, some companies could not provide a breakdown by end use. TOTAL SALES includes an additional 672

metric tons sold in these years. The sum of sales by end use does not equal total sales.

E Manufacturers provided projections for sales in 1997-2000.
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APPENDIX B

Status of Environmental, Economic, and Policy Issues
Driving SF 4 Reduction

This appendix is a brief summary primarily of the » reducing emissions through improved equipment
policy (or regulatory) issues that may drive the need for and practices in the electrical equipment industry.
reduction of SFuse and emissions by industry. The concern over emissions of ;Swas further

Environmental concern is a significant motivation addressed in 1996 as the Second Conference of the Parties
toward improved SFmanagement or use of alternatives. formally directed countries to inventory S#missions and
Pure SEhas a greater ability to absorb infrared radiationreport them to the internal governing body. The
than most other gases and it has a very long atmospherlatergovernmental Panel on Climate Change has proposed
lifetime. These properties make ;S& potent global methods for countries to consider for use in inventorying
warming gas. To put this in perspective, the long-termemissions of SHrom electric power equipment.
radiative effect of 1 kg of SEemitted exceeds that of 1 kg Individual countries are developing proposals to
of CO, by a factor of 23,900. This number refers to the shape stronger climate protocols under development for
direct Global Warming Potential (GW[, that is, the = COP-3 (scheduled for late 1997). The European Union
extra amount of long wavelength radiation absorbed oveproposal specifically highlights HFCs
a 100-year period. (hydrofluorocompounds), PFCs (perfluorocompounds),

In recent years, the price of Sfas increased, thus and sulfur hexafluoride in the list of greenhouse gases that

promoting the possibility of using alternate gases or gasountries would be able to control under the protocol.
mixtures. An evaluation of the total cost for switching The current intent of the COP-3 meeting is to produce a
from one gas to another, requires performing a technologprotocol for greater control of greenhouse gas emissions
impact assessment including a full life-cycle analysis.worldwide.
Among the economic factors to be considerediithe While several important issues remain unresolved, it
price of the compounds and material resources consumedppears likely that “the U.S. will propose that negotiations
(i) the costs of new and modified equipmeiit) the for post-2000 year emissions reductions focus on realistic,
costs during equipment operation, including energybinding commitments that will produce real environmental

dissipated, emissions control, repair and servicimpthe benefits. . . . the United States will continue to seek
cost and effectiveness of recycling, aml the cost of  market-based solutions that are flexible and cost effective.
additional personnel and tramg. Other factors to ... international cooperation of this challenge remains

consider includeiY availability and life of the alternative critical to any effective respons®.” It is important to
gas, {i) electrical reliability, certification and testing of recognize that alternatives taking the form of,-SF
equipment, i{i) health hazards and safety, and) ( containing mixtures or any other PFC gas or mixture will
equipment size and land use. be subject to these evolving regulations.

Global emission control measures for In the meantime, the U.S. Environmental Protection
perfluorocompounds (PFCs) and ;S&re at present Agency (EPA) is continuing with the development of a
following the general course set for the “major” voluntary program for users of ghh electric power
greenhouse gases in the Framework Convention orquipment. EPA’s goal for the program is to reduce U.S.
Climate Change (FCCC) and the ongoing Conference oemissions of the gas from equipment through voluntary
the Parties (COP) meetings. In the United Nations’means. The program is expected to incorporate best work
efforts to develop an international protocol (under thepractices, capture and recycling of used gas, and design of
FCCC) for stronger controls of greenhouse gas emissiondyusiness plans for replacement of obsolete equipment with
the European Union (EU) proposed to the Ad Hoc Groupuncontrollable SHeaks. In the long term, EPA desires to
on the Berlin Mandate (AGBM) that fluorocarbon control work with industry to eliminate emissions. Elimination of
be incorporated into the final treaty. The EU proposalemissions will require cooperation from the users of
suggested policies and measures that include:

. product standards with respect to leakages of “Statement to Industry/NGOs on U.S. Intervention at
emissions Climate Change Negotiations by T. E. Worth, U.S. Department of
State

« use of selected low GWP (global warming
potential) instead of high GWP chemical
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equipment as well as the manufacturers of such detfices.
For further information on the voluntary program, contact
Elizabeth Dutrow of EPA at (202) 233-9061 or at

<dutrow.elizabeth@epamail.epa.gav

Zprivate  communication from Elizabeth Dutrow,
Environmental Protection Agency, September 29, 1997.
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APPENDIX C

Potential Barriers to Using Gas Mixtures as a Gaseous Dielectric

1. Perceived Disadvantages commercial and industrial use in various grades
(minimum 99.8 mole percent pure) and delivered in a
There are several potential barriers to using everwvide range of volumes and pressures. The most
simple mixtures in electrical equipment. These are: ~ commonly found impurities, include air, nitrogen, water
vapor, carbon dioxide, GFSO,, HF, H,S, SQF,, SOF,
« more difficult gas supply, recovery and recycling COS, and trace metal oxides and metal fluorides. Pure

procedures, SF; is readily available in a wide range of volumes and
* monitoring and maintaining proper Pressures.
concentrations, At present, only small quantities of calibrated

« challenge of handling leaks and emergencies, Mixtures of SEwith other gases can be purchased from a
« unknown long-term stability and performance, limited number of gas-suppliers. Dilute mixtures such as
« difficult disposal, and 1% to 5% SFin air, helium or nitrogen, and in various
« cost-of-ownership. grades, are routinely available from most gas-suppliers.
Other mixtures are typically treated as specialty orders and
The applicability or significance of the perceived prepared in small quantities (single cylinders or lecture
disadvantages listed above will depend on the applicationpottles of desired partial pressure) to specified tolerance
It is simple to fill up equipment with a mixture, but for and certification accuracy.
some applications routine maintenance requires the gasto ~ SF; is shipped, under the appropriate regulations, in
be removed, recycled, refilled, or disposed. Thiscylinders orin tube trailers in liquid form. The maximum
maintenance routine may entail pumping, purging,fi”ing density permitted for SHn cylinders is 120 % (i.e.
filtering and separation of the mixture components,percent water capacity by weight). Nitrogen gas is
replacement of the gases in the desired ratio, and volumghipped in cylinders, tube tank cars, and tube trailers
percentage analysis. Such a routine must be reliable ar@fccording to regulations. Liquid nitrogen is shipped as a
rapid, minimizing down time. To accomplish this task cryogenic fluid in vacuum-insulated cylinders, and in
will require different chemical management practices andnsulated portable tanks, tank trucks, and tank cars.
associated technologies from those used for pugelBF  Storage standards would be recommended if gas mixtures
particular, this may require more training, equipmentwere to be routinely handled, recovered, recycled or
development, process automation, and other highertransported.
function gas handling equipmemktowever, there seem to While there is no limitation to the availability of the
be no fundamental limitations to the use of gas mixturesgases, cost and policy considerations cannot be
overlooked. Costs of servicing are relatively high for
compounds that are restricted under national or
2. Mixed Gas Availability and Costs international regulations. Consequently, the choice of
replacements must consider the dynamics of
It is not viable economically or physically for gas €nvironmental policy (as discussed in Appendix B). An
suppliers to provide large quantities of certified mixtures, €valuation of the total cost for recover/recycle and
This is due to the fact that a mixture cannot beSwitching from one gas to another, requires performing a

significantly compressed and still maintain the appropriater o1 Mai d ¢ sulfur hexafiuorideL. C2
concentrations in the gas phase. Therefore transportatici== = ajor producers of sulfur hexafluoriged, ]'C t
of mixtures would require large tanks of gas mixtures in ompany o

the gas phase. Similarly, there are limitations associated Air Products and Chemicals Inc. USA

with certification, storage, and transport of mixtures. AlliedSignal Chemicals USA
. . AGA Gas AB Sweden
Instead, suppliers recommend that gas be delivered
. . . Kanto Denka Kogyo Co. Japan
certified pure, then stored and mixed on-site as needed Asahi Glass Co. Japan
[Cl]- Ausimont (Montecatini Edison) ltaly
Major SF, producers are in the USA, ltaly, Japan, Solvay (Kali-Chemie) Germany

and Germany, see Table C1 [C1, C2], iStprepared for ~ Source: C. M. A. Nayar, GEC Alsthom, France
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technology impact assessment including a full life-cycle preparation to eliminate the degradation of the unstable
analysis. Among the costs to be considered are (1) theomponent, generation of undesirable byproducts,
compounds and material resources consumed, (2) the neshemical attack of surfaces or general corrosion. In the
and modified equipment required, (3) equipmentcase of pure SfFconsiderable progress has been made in
operation, including energy dissipated, emissions controlimproving the reliability of seal and gasket design and
repair and servicing, and (4) additional personnel andorotection against environmental conditions, resulting in
training. The cost of using gas mixtures will depend onproven long-term performance. When determining what
the relative quality and quantity of the alternative gasmaterials can be used with a gas mixture, it is important
required to meet the necessary certification tests anthat design and manufacture value compatibility with each
operating specifications. In addition, new equipmentof the components of the mixture separately as well as all
would need to be purchased for storage, gas coolingpf the components when they are combined. This implies
pumping, leakage testing, mixing, refilling and other careful choice of material composition, surface finish and
servicing practices. contact methods for walls, spacers, inserts, shields,
electrodes, O-ring seals, or use of epoxy formulations,
glues and resins. Modes of equipment operation and
3. Preparing Gas Mixtures and Material location for use must be considered to design for
Compatibility temperature, pressure, and humidity variations or
gradients. For example, equipment with-8F mixtures
Refilling of equipment with mixtures can be time Should be designed for or maintained at temperatures that

consuming and take considerable time to verify or certifyWill prevent water and SFrom condensing, thereby
to the accuracy desired. Similarly, to “top-off’ equipment losing performance and homogeneity. Ifa mixture with a
that has suffered a loss of pressure, i.e., to restore tfgPndensable component has been subjected to
original pressure and gas composition, is a greatefeMmperatures ator beIO\_/v its saturation temperature, it will
challenge than for systems containing a single gas. ThB&€d to be re-homogenized prior to the withdrawal of any
filing and maintenance of any electrical equipment with Of the gas. Various techniques have been developed for
gas mixtures will require development of concentrationthe latter purpose. o _
range standards, preparation tolerances, and analytical Since Sk is packaged as liquefied gas, special
accuracy specifications. For example, when preparing #récautions need to be observeq when filling equipment.
mixture of 40%SE60%N, an acceptable concentration This applies to both to a new m|>_<ture and the processgd
range of 10% might require a preparation tolerance of 598as _after recovery and recycling. One concern is
of component and a 2% analytical accuracy of componentParticulate matter generated in storage or transfer leading
Studies examining the chemical and physical!® the recommendation to filter use to protect
properties of SFN, mixtures have been partially Ccontamination of the electrical equipment. Another issue
motivated by an interest in the ability to reduce IS the enhancement of chemical transfer rate by the
condensation (effective dew point) of S& equipment ~ COMMOonN practice of warming the gas cyllnder_ or storage
located in cold climates [C3, C4]. The temperature atVesSel. Warming the storage container during transfer
which SF liquefies depends on the gas pressure. Minerdninimizes  the refrigeration  effect caused by the
et al.[C3] demonstrated that $I, gas mixtures are non- €vaporation of SFwhile allowing its transfer in the
ideal. From a practical standpoint a manufacturer whodaseous state. Ifliquid phase transfer gfiSemployed,
uses ideal gas assumptions to predict the mixture deWare is required to ensure the gas is completely vaporized
point temperatures at system-fill pressures of 100 kPa iyefore itenters the equipmentto avoid over-pressurization
500 KPa would under-predict the temperature by as mucle" undesirable refrigeration.
as 10 °C. These results suggested that similar
considerations be given to all S¢ontaining mixtures. In
some cases electrical equipment may require designs 4. Mixed Gas Recovery and Recycling
incorporating heaters to ensurg 8&ctions remain above
the liquefaction temperature (this is, of course, Recovery, recycling, and destruction of ;SE
undesirable). But liquefaction is only one among manypossible, such that there is no need for deliberate release
parameters to be considered when refilling with a selectednto the atmosphere. However, it appears that current
mixture and re-rating the pressure of the electricalpractices are such that economical separation Jf&h
equipment and application. nitrogen is not possible without some venting of it
While SE-N, mixtures are relatively inert, other the atmosphere. In the event that end-of-life disposal is
mixtures of gases with known stability problems may required, all regulations governing air emissions and
require special techniques such as passivation or surfaséaste management should be followed. ; 8&n be
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destroyed by thermal decomposition at elevatedpractices must be continuously improved.
temperatures (>1100C). Such thermal waste treatment The desired purpose of gas recycling is to recover the
furnaces process the sulfur and fluorine constituents tariginal gas, remove any undesirable byproducts (such as
produce naturally occurring materials, e.g. gypsum andnoisture, oil, and particles), verify and possibly correct
fluorspar. the mixture composition, and return the gas back to the

Choice of alternatives should consider the electrical equipment in a satisfactory certifiable state. A
availability of internal treatments to the electrical moisture specification of around 30 ppmv (parts-per-
equipment, including gas absorbentfilters, desiccants, andillion-volume) is typical while the IEC Standard 376 for
particle filters used in an effort to stabilize the gases andew Sk gas specifies an oil content not to exceed 5 ppmw
aid recovery and recycling. Gases, whether initially pure(parts-per-million-weight). Two international committees
or mixed, can be expected to degrade with time due to §CIGRE WG 23-10 TF 01 and IEEE-E| S32; [C6]) are
variety of factors including contamination caused by attempting to define purity standards for on-site recycled
moisture and decomposition products. The compositiorSF,. The standards and protocols for recovery and
and concentration of potentially toxic by-products is recycling of alternatives could be developed in a similar
unknown for most mixtures and will be quite variable manner. Draft standard IEEE P1403, which compares air-
between applications and equipment. insulated substations and gas-insulated substations (GIS),

Lower fluorides of sulfur formed by the mentionsthatrecentadvancesin GIS constructioninclude
decomposition of SF may be removed by gas sophisticated equipment to reprocess, SFSimilar
scrubber/filter systems. Gaseous decomposition productsitegrated technology could be developed for dealing with
may be absorbed on molecular sieves or on soda limée potential alternatives.
(50/50 mixture of NaOH and CaO), or on activated In Japan, the Task Committee on the Standardization
alumina (specially dried AD;). The quantity of of the Use of SFGas for Electrical Power Equipment is
decomposition products and the amount of absorbenturrently examining the practices for recycling and
required to capture all of the products will need to behandling of SE gas. Among the targeted voluntary
determined. It has been suggested that a practical rule-o&ctions is the reduction of releases of &fall stages of
thumb is to use a weight of absorbent corresponding t@quipment development, installation, and testing. Targets
10% of the weight of gas [C5]. The absorbent should bdor recovery are 97% of the purchased gas by the year
located in the equipment to maximize gas contact, unlesg005. This is to be accomplished by the development of
both liquid and gas phases are present. In the latter it magconomical and large capacity recycling systems which
be necessary to locate the absorbent in contact with botbvacuate vessels to higher vacuum. Similar recovery and
phases or only the liquid phase. The effectiveness ancecycle practices could be implemented for mixtures but
saturation of absorbents, desiccants and filters will depentiave not been explicitly discussed by this task force.
on the equipment design, maintenance schedules, Control of the temperature and pressure is critical to
temperature, as well as consequence of equipment faulsuccessful reclamation in gas mixtures. In the case of
and contamination. recovering SEfrom SK-N, mixtures, the N typically

The gas from a faulted breaker, leaking transmissiorrepresents a compressible but non-liquefiable component
line or transformers, or gas-insulated substation, onceéhat reduces the overall extraction efficiency, unless
treated to remove decomposition products and moisturehigher operating pressures or lower temperatures can be
may be reused if the material meets device specificationsattained. It should be noted that very little thermodynamic
The key to continued reusability of the gas is to establistdata on Sgcontaining mixtures are available in the
purity standards, certification requirements, and recovenyscientific literature. Computational tools are currently
/ recycling protocols to performance specifications. It available to help predict some of these missing data [C7].

takes a combination of factors to achieve this goal: Efforts to employ these tools may enhance efforts to
¢ Contamination minimization must be built in to implement the chemical management of-&bntaining
electrical equipment design and operation; mixtures as alternative gases. Studies by Mitehell

* Contamination minimization must be built in to [C8] calculated the SHiquid / SK gas / N gas phase
delivery, mixing, recover, and recycle equipment design,equilibrium assuming a constant volume for an initial fill
operation and chemical management practices; and  of various blends at several initial pressures af@0

* Monitoring of gas condition including electrical subsequently cooled to —3C€. They concluded that
properties and chemical properties (e.g., purity,reclamation of SFfrom SK-N, and SEk-air mixtures is
decomposition products, moisture content) must bebest accomplished by a combination of compression and
available; and refrigeration to liquefy the SF Volumetric efficient

e Quality of chemical equipment manufacture, handling of mixtures is considered to require cooling
equipment maintenance, and chemical managemerdssisted high-pressure (rather than low-pressure) devices.
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Generally, more dilute SFmixtures require lower TABLE 2C. Estimated losses for recover/recycling procedures

temperatures and/or higher pressures. SF, Percentage in Mixture Expected Losses
To date, commercially available gas reclamation > 98% 10

technology for the electrical industry has been designed

. . . g . >90% 12
primarily for separation, processing, analysis, and
compression of nearly pure Sgas. Much of this work >80% 15
has begn done_ by_ companies spe_C|aI|2|ng iy, SF >70% 20
processing, working in cooperation with one or more
>60% 30

manufacturers of Sinsulated equipment. In most cases,
gas carts use pressurized liquefaction of; $Ha >50% 50
compressors) to minimize the necessary volumetriGgyice: R, Probst, DILO company, Inc. [C10]
storage required [C&10]. When the stored gas is nearly
100% pure SEFthis method of reclamation is highly withdrawn from the electrical equipment (reaching base
satisfactory and recovery rates greater than 99% yield argressures on the order of 100 Pa) [C5]. Commercial
possible [C5, C10]. Losses of St the environment  refrigeration systems are available that use an initial
depend strongly on the gpercentage in the mixture, the liquefaction of the reclaimed gas (e.g., ;SEnd
operating pressure, the extent of cooling, and the residuajontaminants), followed by a further liquefaction of the
pressure remaining in the evacuated volume. Table 2@as phase by sub-cooling of the gas/liquid mixture in a
shows the losses predicted by Probst [C10], usingseparate column. Nitrogen gas and contaminants can be
currently availabletechnology based on a two-cycle sjowly vented while the entrained Sfan be re-liquefied
distillation process operating at high pressure (5000 KPajnd stored. Continuous sub-cooling of the liqui¢ SF
and low temperature-@0 °C), where liquid SFis  further separates the gases. Once isolated theaBfbe
withdrawn and the remaining gas cushion is vented, wherontinuously recycled to dry and purify the gas.
the purity of liquid gas is to be better than 99%. To assure efficient $M, mixing, the recommended
Conventional SFgas reclamation carts have limited protocol for returning recycled gas to the electrical
capability for processing $Fcontaining N, air or  equipment should be to start with nitrogen gas transfer
decomposition byproducts at levels exceeding a fewC5]. As pressure is equalized between the equipment
percent [C5, C9]. If gases are heavier than(fdr  and S storage tank, heated Sffas can be transferred
example CF) then the Sflosses can be substantial. On from storage tank to electrical equipment until the desired
conventional carts, $fs cycled and liquefied but the mixing ratio (partial pressure) is obtained. The uniformity
nitrogen gas cannot be liquefied. Liquefaction lowers theof mixing among gas components is important when
total pressure in the process tank. Each cycle consists @éfilling with recycled gas. This can be accomplished by
adding mixed gas until the total pressure equals the initiahllowing sufficient time for diffusion, designing
pressure, followed by additional cooling. If the on-board equipment with several carefully selected points of gas
volumetric storage tank is not sufficiently large, the injection, and by creating turbulence during the mixing
potential exists for Ngas to shut down the compressor at period. The rate of recovery varies with process used, for
some limiting high pressure. The ultimate capacity of theexample the recovery can be quite slow (on the order of
cart storage is reached when the residual gas i90-400 Ibs/hr) using conventional gas carts. Such
compressed to the maximum safe pressure. At this poinimitations may not exist with refrigeration systems. More
the volume being evacuated inside the electricalcomplex, low pressure gas carts are typically faster, and
equipment may still contain some unknown ratio of mixedrecover more gas, then comparable high pressure systems
gas and the storage tank will hold liquefied; $fd  [C5]. Refill and storage does not appear to be a problem.
gaseous N The protocol used to minimize evaporative Refilling of any container with or without refrigeration
loss of SE recommends always reaching full capacity devices or heat exchangers is commercially viable.
before emptying the tank, and when emptying to first  |fareplacement gas mixture cannot be recovered and
transfer the SAiquid and then purge the residual gas [C5, recycled in a safe, cost effective, and environmentally
cs]. protective manner, then no real improvement has been
Practical applications of N, mixtures where N achieved [C11]. Additional study of the chemical and
gas is the predominant gas requires refrigeration tghysical properties associated with recovery and recycle
separate and recover thes®ffficiently. B. Smith [C5]  of possible replacement gas mixtures needs to be pursued
recommends that in some instances it may be morép accelerate the recommendati testing, and

appropriate to use low pressure-assisted cooling operatiojiplementation of any alternatives to pure.SF
instead of high pressure devices [C10]. In this case,

pumps are configured to maximize the quantity of gas
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5. Retrofit 6. Monitoring and Analysis

A number of manufacturers of electrical equipment Monitoring and analysis are primarily used to
and specialty companies have developed methods tdetermine when maintenance is required and to evaluate
retrofit circuit breakers and other devices with vacuumthe equipment condition and gas quality. This includes
and SEk interrupters. Depending on the type of monitoring of gas adsorbent column, desiccants, particle
application and equipment it may be reasonable to retrofifilters, and gas scrubbers.  Monitoring equipment
equipment with modified gas manifolds, heaters, storagelesigned specifically for pure $&pplications is currently
compartments, material coatings, filters and traps, etcavailable and may be useful to monitog-8Falternative
This concept of retrofitting technology has been provengas mixtures. Research and development may be
reliable and cost effective in certain specific applications.warranted to certify the performance of such equipment
Past experience in this area can be used to help retrofiith mixtures and advance microprocessor technologies
devices for use of alternatives. for multiple gas sensg. In all cases, niitgas testing

In some applications, the use of replacement gasvould measure moisture content and trace contaminants.
mixtures would require considerably higher operatingBecause moisture is the most detrimental contaminant in
pressures than pure Sfequires. Specific equipment pure Skapplications, careful monitoring of humidity will
designs, construction, and manufacture will have to beemain an issue with fluorocompound-containing
evaluated for the ability to accommodate such pressurenixtures.
changes. Otherwise, to maintain similar electrical Monitoring equipment for SFcontaining mixtures
properties at the same operating pressure, larger and mooe other alternatives must be sensitive to key byproducts
robust equipment might be required. Larger insulatingand be reliable over long periods of time. In the case of
clearances, improved rupture disks, or whatever thdarge equipment, such as substations, automated and
retrofit for pressure requires may only be readily multipoint sampling would be valuable. To safeguard the
introduced in the design of new equipment. In otherenvironment against leaks from installed and newly
cases, the changes in operation may be associated withanufactured equipment, use of alternatives may require
thermal changes, transport properties, or otherthat monitoring systems be developed for installation at

mechanisms not readily addressed via retrofitting. Theransformer and switch-gear stations.

feasibility of electrical and/or thermal derating of existing
equipment while purchasing additional equipment will
have to be carefully examined. Further research and
development into material properties along with gas

thermodynamics and kinetics is needed to recommend argl1 .

implement the retrofit of the installed base of electrical

devices. C2.

Any change from the original equipment design,
such as substituting a new insulating gas or gas mixture,
in existing equipment would require complete resetting
and certification of the equipment. Again, there are no

fundamental limitations to such testing but there arecs.

economic concerns. The testing procedures are described
in a number of international and national standards. For
example with circuit breakers, the required tests are
defined in IEEE Standard C37.09-1979 (Reaff 1988)

“Standard Test Procedure for AC High-Voltage Circuit C4.

Breakers Rated on a Symmetrical Current Basis.” Current
practices are such that complete type testing on high
voltage electrical equipment can be prohibitively

expensive with estimated costs reaching from $500,000 to

$1,000,000 for each type of breaker tested [C11]. Thes.

move to alternate gases would require research,
development, and policy changes. These would be
intended to provide more cost-effective, rapid and

accurate testing and certification procedures. C6.
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